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ABSTRACT

Running, Cordelia. M.S., Purdue University, December 2011. Structural and Functional
Changes in Iota‐Carrageenan upon Addition of Salts and Sweeteners. Major Professor:
Srinivas Janaswamy.

Iota‐carrageenan, a sulfated galactan from marine algae, is used by food and
pharmaceutical industries for its gelling and thickening properties. This hydrocolloid
adopts a variety of solid‐state structures, depending on the amount and nature of co‐
solutes, and displays a wide range of functional properties. Information about the
relationships between atomic structure and macroscopic behavior, however, is still
lacking. The overall goal of this research was to understand the effects of cations (Na+
and Ca2+) and sweeteners (sucrose and Rebiana, a non‐nutritive sweetener) on the
three‐dimensional structure, solution and thermal properties of iota‐carrageenan. X‐ray
diffraction analyses revealed typical half‐staggered molecular structures and trigonal
packing arrangements in the presence of either Na+ or Ca2+ ions. Observation of new
non‐half‐staggered helical arrangements and orthorhombic basal nets, however,
suggests greater versatility of this biopolymer. Viscoelastic properties showed that
increasing NaCl and/or iota‐carrageenan concentrations results in increased elastic
modulus and rheological gel‐to‐solution transition temperature (Tg). Addition of
sucrose in the presence of NaCl resulted in larger basal net dimensions, elevated
rheological Tg and DSC enthalpy values, portraying involvement of sucrose in the iota‐
carrageenan network formation. Finally, Rebiana with NaCl yielded substantially larger
basal dimensions and layer line spacings but with only small increase of rheological Tg.
Overall, iota‐carrageenan’s electrostatic interactions and hydrogen bonding with

xi
surrounding co‐solutes of Na+, Ca2+, sucrose, and Rebiana significantly affect its three‐
dimensional structure and solutions properties. The outcome aids in the design, and
development of iota‐carrageenan based functional materials.

1

CHAPTER 1 LITERATURE REVIEW

1.1 Introduction to carrageenan
Carrageenan is the term used to describe a family of water‐soluble, sulfated, linear
galactans. Since 1810, these polysaccharides have been extracted from red algae, also
called red seaweeds (Campo, Kawano, da Silva, & Carvalho, 2009). Depending on the
extraction method and species, different carrageenan forms are obtained. The US Code
of Federal Regulations defines carrageenan as the hydrocolloid aqueously extracted
from members of the Gigartinaceae and Solieriaceae families of the Rodophyceae class:
Chondrus crispus, Chondrus ocellatus, Eucheuma cottonii, Eucheuma spinosum,
Gigartina acicularis, Gigartina pistillata, Gigartina radula, and Gigartina stellata. The
code also specifies that carrageenans are sulfated polysaccharides (sulfate content
between 20 and 40%) comprised mainly of galactose and anyhydrogalactose sugar units
(Carrageenan, 2011). In general, carrageenans have disaccharide repeats consisting of
an O3‐substituted β‐D‐galactopyranosyl unit followed by an O4‐substituted α‐D‐
galactopyranosyl unit. In samples treated with alkali or certain enzymes, the 4‐linked
unit contains a 3,6‐anhydro ring. The presence or absence of this anhydro ring as well
as the position of sulfate groups are the main distinguishing features of different forms
of carrageenan. Many of the commonly studied forms are shown in Figure 1, along with
their names as designated by both Greek letter prefix and letter code assigned by
Knutsen (1994). Although at least fifteen forms have been identified, iota‐, kappa‐, and
lambda‐carrageenans are the major types used by the food and pharmaceutical
industries (Aguilan, et al., 2003; Knutsen, Myslabodski, Larsen, & Usov, 1994). The
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structures of carrageenans play major roles in their functionalities and thus studies of
carrageenan functionality and structure are of great interest.
1.2 Identification of carrageenan types
The species, life stage (gametophyte or tetrasporophyte), and method of extraction
determine the structural features (Cole, Sheath, & Craigie, 1990; Falshaw, Bixler, &
Johndro, 2003). The 3,6‐anhydro ring on the α‐D‐galactopyranosyl unit is a result of
alkali treatment during or after the extraction process, or this cyclization may occur as a
result of enzymatic treatments (De Ruiter & Rudolph, 1997). Carrageenans with the
anhydro ring, such as kappa and iota types, tend to display better gelling properties than
those without the ring, such as lambda type.
The disaccharide building blocks given for each form of carrageenan are idealized
structures, representing the predominant unit. Each batch of seaweed and extraction
technique result in slightly different proportions of these disaccharide repeats (De
Ruiter & Rudolph, 1997). Heterogeneity can be determined by electrospray ionization
(ESI) mass spectrometry (MS), sustained off‐resonance irradiation collision induced
dissociation (SORI‐CID), and matrix‐assisted laser desorption/ionization mass
spectrometry (MALDI‐MS) (Aguilan, Dayrit, Zhang, Ninonuevo, & Lebrilla, 2006;
Antonopoulos, Favetta, Helbert, & Lafosse, 2005). Some of the major methods for
analyzing fragments, chemical structures, and concentrations are nuclear magnetic
resonance (NMR), colorimetric assays, and Fourier transform infrared spectroscopy
(FTIR) (Guibet, Kervarec, Genicot, Chevolot, & Helbert, 2006; Soedjak, 1994; Stortz &
Cerezo, 1992; Tojo & Prado, 2003; Usov, Yarotsky, & Shashkov, 1980; van de Velde,
Knutsen, Usov, Rollema, & Cerezo, 2002). Molecular weight distributions are
determined using gel permeation chromatography and size‐exclusion chromatography
(Myslabodski, Stancioff, & Heckert, 1996). These techniques are frequently paired
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together or with other methods such as high‐performance liquid chromatography (HPLC)
(Quemener & Lahaye, 1998; Quemener, Lahaye, & Metro, 1995).
Precursor forms

Alkali‐treated forms
OH

‐

Kappa (κ)
G4S‐DA

Mu (μ)
G4S‐D6S
OH

‐

Iota (ι)
G4S‐DA2S

Nu (ν)
G4S‐D2S,6S
OH

‐

Lambda (λ)
Theta (θ)
G2S‐D2S,6S
G2S‐DA2S
Figure 1. Commonly used forms of carrageenan; Knutsen naming conventions are G:
O3‐substituted β‐D‐galactopyranosyl unit, D: O4‐substituted α‐galactopyranosyl unit,
DA: O4‐substituted 3,6‐anhydro‐α‐D galactopyranosyl unit, numbers and S indicate
position of sulfate groups (Knutsen, et al., 1994).
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NMR analysis in particular is commonly used for analyzing kappa‐ and iota‐carrageenans.
Their identification and quantification by 13C NMR began with comparisons to spectra of
similar molecules and later advanced to more definitive analysis with the advent of 2D
NMR (Falshaw, et al., 1996; van de Velde, et al. 2002). In the 1980s, oligosaccharides
and synthetic monosaccharides were used as a comparison for iota‐ and kappa‐
carrageenans NMR spectra (Greer, Rochas, & Yaphe, 1985; Rochas, Rinaudo, &
Vincendon, 1983; Usov, et al., 1980). However, lambda‐carrageenan tends to be
extremely viscous, even at high temperatures, and so while NMR spectra have been
obtained for this form, the process has been more challenging (Falshaw & Furneaux,
1994; Guibet, et al., 2006).

13

C NMR analysis can also be used to identify contaminants

and less common substituents, such as floridean starch and pyruvic acid, respectively
(van de Velde, Pereira, & Rollema, 2004). Additionally, mixtures of kappa‐, iota‐, and
lambda‐carrageenan may be analyzed through 1H NMR to determine the quantitative
fractions (Tojo & Prado, 2003).
Colorimetric methods for determining carrageenan content have been proposed by
numerous researchers (Cundall, Phillips, & Rowlands, 1973; Graham, 1972; Kleckner,
Rearick, & Thomson, 1977; Soedjak, 1994; Yabe, Ninomiya, Tatsuno, & Okada, 1991).
More specifically, these methods quantify sulfate content by using a cationic dye to bind
to the sulfate groups. A downside of this method is that different forms have different
numbers of sulfate groups. Thus, knowledge of carrageenan type is necessary in order
to determine the content. Furthermore, presence of other anionic substances may
skew the results.
Infrared spectroscopy has also been used to identify structural features, such as sulfate
substituents and anhydro rings, as well as to easily distinguish carrageenans from agars,
differentiated by the conformation of the second galactosyl unit in the disaccharide
repeat (Anderson, Dolan, Lawson, Penman, & Rees, 1968; Whyte, Hosford, & Englar,
1985). In 1993, FTIR was first used as a rapid method of identification for carrageenans
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from dried algal samples (Chopin & Whalen, 1993). FT‐Raman methods have also been
developed and have been especially useful for lambda‐carrageenan (Pereira, Sousa,
Coelho, Amado, & Ribeiro‐Claro, 2003).
Another useful tool is mass spectroscopy (MS). MS in combination with liquid
chromatography (LC) paired and ESI has been used to identify the presence and
structure of non‐ideal units; i.e., units that do not match the ideal disaccharide repeat
(Antonopoulos, et al., 2005). The LC/ESIMS method has several advantages over NMR
techniques. The ability to link the ESIMS directly with the chromatography system
allows for “on‐line” analysis, and ESIMS requires only a small amount of sample
(Antonopoulos, Favetta, Helbert, & Lafosse, 2004). Another use for MS has been for
sequence determination in oligosaccharides, such as carrageenan fragments, using
negative‐ion electrospray and tandem MS with collision‐induced dissociation (CID) (Yu,
et al., 2006). The energy transferred from the collisions in this technique causes
fragmentation primarily of the glycosidic linkages, although some breakage of bonds
within the sugar rings may also occur (Zaia, 2004). This data provides information about
the linkages between sugar residues and the conformation of sugar rings.
1.3 Uses of carrageenan
Carrageenans have been used extensively in foods and pharmaceuticals. Traditional
uses in foods include ice cream, sliced meat products, salad dressings, and flavored
milks (Imeson, 2009; Therkelsen, 1993). In the pharmaceutical industry, carrageenans
are being used as anticoagulants, drug carriers, sustained release agents, viral infection
inhibitors, and anti‐tumor agents (Bonferoni, Rossi, Ferrari, Bettinetti, & Caramella,
2000; Wijesekara, Pangestuti, & Kim, 2011). Overall, food and pharmaceutical use of
carrageenans continues to indicate the need for more information on the biological,
chemical, and structural functions of these polysaccharides.

6
1.3.1 Carrageenans in foods
One common use of carrageenan in foods is as a thickener, stabilizer, and syneresis
inhibitor in dairy products, particularly low‐fat preparations. These hydrocolloids can
interact with casein proteins in milk, even in complex systems such as dairy desserts
(Depypere, Verbeken, Torres, & Dewettinck, 2009; Puvanenthiran, Goddard, & Augustin,
2000; Sedlmeyer & Kulozik, 2006; Verbeken, Bael, Thas, & Dewettinck, 2006). Kappa‐
carrageenan is used in chocolate milk to prevent cocoa from settling out, as well as in
ultra‐high temperature (UHT) processed chocolate milk to help prevent fouling (Prakash,
Huppertz, Kravchuk, & Deeth, 2010). UHT processed whipping cream can also be
improved by the addition of kappa‐carrageenan, providing stability to the foam
(Kovacova, Stetina, & Curda, 2010).
Carrageenans are also used to increase sensory perception of thickness or creaminess;
in fact, one study showed that non‐fat dairy beverages containing aggregates of casein
and kappa‐carrageenan were perceived as creamier than beverages actually containing
dairy fat (Flett, Duizer, & Goff, 2010). However, addition of carrageenan may also lead
to lower perceived flavor intensity, depending on the food application (Bayarri, Chulia,
& Costell, 2010; Tarrega & Costell, 2006). Various carrageenan types can also affect oral
texture ratings and sweetness intensity, and gel characteristics, such as resistance to
penetration, have a pronounced effect on these characteristics as well (Lethuaut,
Brossard, Rousseau, Bousseau, & Genot, 2003). To mimic full‐fat rheological properties
in low‐fat dairy desserts, lambda‐carrageenan has been successfully used. Furthermore,
in one study, sweetness and vanilla flavor were perceived as stronger in lambda‐
carrageenan samples, giving rise to the possibility that sugar and flavoring ingredients
could be reduced (Bayarri, et al., 2010).
Other research also confirms that carrageenans may be used to alter perception of
sweetness; specifically, sweetness intensity in a gelled dessert may be related to the
force required to rupture the gel (Bayarri, Rivas, Izquierdo, & Costell, 2007).
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Additionally, carrageenans have been useful for studying sweetness and aroma
perception. Because kappa‐, iota‐, and lambda‐carrageenans all have different gelling
and thickening capacities, experimenters have been able to vary the texture of sweet
desserts while using only carrageenans as the thickening and gelling agents, thus
eliminating experimental error that may be due to specific polysaccharide taste
characteristics rather than to the texture of the system (Brossard, Lethuaut, Boelrijk,
Mariette, & Genot, 2006).
Carrageenans are also used for a variety of bakery and confectionary products. For
example, a variety of carrageenans have been shown to improve the quality of cakes
(Ashwini, Jyotsna, & Indrani, 2009; Gomez, Ronda, Caballero, Blanco, & Rosell, 2007).
Iota‐carrageenan has also been shown to reduce crystallization of sweeteners in pastry
products that will be frozen before baking (Fog‐Petersen & Skibsted, 1999). As gelatin
has become less popular to consumers, carrageenans, particularly kappa type, have
been investigated as potential substitutes (Koh, Jiang, Kasapis, & Foo, 2011; Koliandris,
Lee, Ferry, Hill, & Mitchell, 2008).
Meat products also commonly contain carrageenans. For example, kappa‐carrageenan
has been used to improve the quality of minced fish products (Koh, et al., 2011).
Processed meats often include carrageenan, usually kappa, to improve and control
textural properties (Lee & Chin, 2010; Patrascu, Dobre, & Alexe, 2010). Addition of
kappa‐carrageenan to turkey sausages and frankfurters has been shown to increase
sensory ratings (Ayadi, Kechaou, Makni, & Attia, 2009; Cierach, Modzelewska‐Kapitula,
& Szacilo, 2009). Carrageenans have also been used to lower fat content while
maintaining textural acceptability (Cierach, et al., 2009; Modi, Yashoda, & Mahendrakar,
2009; Modi, Yashoda, & Naveen, 2009). The gelling properties of kappa‐carrageenan
enable it to be a particularly useful addition to meat products, especially when
attempting to make up for low fat levels. Carrageenans as edible coatings on meats have
also been investigated. One example is in the use of carrageenan (unspecified type) as a
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coating to reduce oil pick‐up during deep‐frying while maintaining good sensory
attributes (Al‐Abdullah, Angor, Al‐Ismail, & Ajo, 2011). Additionally, kappa‐carrageenan
has been studied as a film impregnated with antimicrobial agents; studies have
investigated these films for use on sliced meat products to inhibit the growth of Lysteria
monocytogenes (Juck, Neetoo, & Chen, 2010; Neetoo, Ye, & Chen, 2010).
While the United States Food and Drug Administration (FDA) currently lists carrageenan
as Generally Recognized as Safe (GRAS), some research has pointed to possible negative
effects from the human consumption of these polysaccharides. In 2008, a study was
published showing that, in vitro, undegraded high‐molecular‐weight (above 50 kDa)
carrageenans cause human intestinal cells to enter cell‐cycle arrest (Bhattacharyya,
Borthakur, Dudeja, & Tobacman). These researchers proposed that the cell‐cycle arrest,
when cells stops progressing to the next step in mitosis and can no longer reproduce, is
a stress‐induced response to carrageenan. As will be discussed in Section 1.3.2 on
carrageenans in pharmaceutical applications, anti‐tumor research with carrageenan also
indicates that these polysaccharides induce stress responses in the human body (Haijin,
Xiaolu, & Huashi, 2003; Hu, Jiang, Aubree, Boulenguer, & Critchley, 2006; Zhou, et al.,
2004). In 2001, Tobacman published an article summarizing the negative effects of
carrageenan in various animal experiments. These harmful effects include
gastrointestinal lesions, appearance of colonic tumors, intestinal or cecum ulcers, and
neoplasia. It was concluded that low‐molecular‐weight carrageenans could be harmful
to humans, though some ulceration was also seen in animals fed high‐molecular‐weight
carrageenan. However, degraded, low‐molecular‐weight fractions are present at low
levels in carrageenan samples, making it very hard to identify these fractions in foods.
In 2008, Spichtig and Austin were able to use high‐performance size‐exclusion
chromatography with a refractive index detector to identify the presence of low‐
molecular‐weight carrageenan in a finished food product. This method may prove
useful in further analysis of any possible harmful effects on humans.
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Despite these reports, the FDA and the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) still maintain that carrageenans are not harmful to humans at the
currently consumed levels. In fact, JEFCA released an evaluation in 2008 citing studies
showing that even at levels of 750 mg/kg of body weight (considerably higher than
typical human consumption), no negative effects were seen in tests performed on
laboratory rats; however, the agency did state that a new evaluation of dietary exposure
should be conducted to evaluate actual human consumption levels (Benford, Harrison,
Strobel, Schlatter, & Verger, 2008). Additionally, the committee acknowledged that
some studies showed enhanced carcinogenicity in rats fed carrageenan under certain
circumstances. The FDA maintains the GRAS status of carrageenan since its last review
in 1972, assigning a value of 3 to carrageenan. This numerical value denotes that at the
current levels of consumption, undegraded carrageenan has not been shown to pose a
threat to human health, but additional studies should be undertaken ("Carrageenan,"
1973). Furthermore, several in vivo studies to be discussed in Section 1.3.2 regarding
the anti‐tumor potential of carrageenan also did not report any cytotoxic effects on
normal cells at levels up to 200 mg/kg rat weight (Haijin, et al., 2003; Hu, et al., 2006;
Zhou, et al., 2004). Additionally, a study in 2007 showed that, over the course of 90
days, there were no adverse effects on the gastrointestinal tract of rats fed diets
containing well over 3,000 mg/kg/day of kappa‐carrageenan, regardless of molecular
weight (Weiner, Nuber, Blakemore, Harriman, & Cohen).
Overall, the safety of carrageenans in food appears fairly well established. Despite some
reports of adverse health effects in animals and cell cultures, most of the experimental
evidence seems to justify the status of carrageenans as GRAS food additives in the
concentrations typically consumed in the Western diet.
1.3.2 Pharmaceutical applications of carrageenans
Interest in carrageenans and other marine algae derivatives has increased as
researchers realize that these substances are not only useful for drug formulations but
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also possess potential health benefits, such as the ability to inhibit various viruses,
cancer, and oxidative stress in the human body (Wijesekara, et al., 2011). In the field of
drug delivery, kappa‐carrageenan has been used to successfully control ocular delivery
of medication in eye drops, and the formulas were especially effective as the shear‐
thinning behavior of the carrageenan gel combined with the increased gelling upon
contact with salty ocular fluids resulted in decreased eye irritation (Rupenthal, Green, &
Alany, 2011a, 2011b). Additionally, iota‐ and lambda‐carrageenan show potential in
controlled‐release of medication from tablets (Bonferoni, et al., 1998; Bonferoni, et al.,
2000; Gupta, Hariharan, Wheatley, & Price, 2001).
Carrageenans have also shown great promise as inhibitors of certain viral infections,
primarily herpes simplex virus (HSV), human papillomarvirus (HPV), and human
immunodeficiency virus (HIV). Multiple research groups have shown that carrageenans,
including iota‐, lambda‐, iota‐/kappa‐ hybrid, and mu‐/nu‐ hybrid types, can greatly
inhibit the cytopathic effects of HSV in concentrations lower than 25 μg/mL (Carlucci,
Scolaro, & Damonte, 1999; Gonzalez, Alarcon, & Carrasco, 1987). For HSV‐1, this
protective effect was only seen when carrageenan was added to the cell cultures
immediately upon infection, and later research also confirmed this early inhibition effect
(Harden, Falshaw, Carnachan, Kern, & Prichard, 2009). Additional studies have shown
that the activity of lambda‐carrageenan against HSV involves interfering with virus
replication after the virus attachment step (Marchetti, et al., 1995). Overall, results
from these studies show that carrageenans are able to inhibit the negative effects of
HSV at concentrations well below cytotoxic levels.
Research has also shown that certain strains of HPV viruses are susceptible to
carrageenan. In fact, genital HPVs have been shown to be susceptible to doses of
various types of carrageenan in the 4‐270 ng/mL range (Buck, et al., 2006). As with the
research on HSV, HPV inhibition was greatly increased by adding carrageenan at the
beginning of inoculation. It was also determined that HPV inhibition was a direct result
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of carrageenan’s binding to the viral capsid. In vivo experiments involving HPV are less
common; however, mouse models have indicated that iota‐carrageenan greatly reduces
the activity of HPV against vaginal cells (Roberts, et al., 2007).
Carrageenan activity against HIV infection is typically less than activity against HPV
infection (Roberts, et al., 2007). However, the inhibition of HIV by carrageenan is still a
very active field of research. Kappa‐carrageenan conjugated via a succinate diester with
3’‐azido‐3”‐deoxythymidine (AZT), a compound approved by the FDA for treatment of
HIV, has shown promise as an anti‐HIV agent (Vlieghe, et al., 2002). Esterases present in
human serum cleave the AZT from the carrageenan in vivo, and reported data supports
the theory that the conjugated carrageenan‐AZT is more effective than kappa‐
carrageenan alone, with the concentration needed to reduce cytopathic effects by 50%
being 1.6 micro‐g/mL for the conjugate and 12 micro‐g/mL for kappa‐carrageenan alone.
In vitro study has shown that the inhibitory activity of carrageenan against HIV increases
with the degree of sulfation of the polysaccharide, i.e. lambda>iota>kappa, and the
structural arrangement of the lambda type also contributes to its anti‐HIV properties, as
samples of the iota type with similar sulfate contents to the lambda type still had lower
inhibitory action (Yamada, et al., 1997). Furthermore, acylation and subsequent
sulfation of kappa‐ and lambda‐ carrageenans greatly increase their anti‐HIV properties
(Yamada, Ogamo, Saito, Uchiyama, & Nakagawa, 2000).
Carrageenan has also gained interest as an anti‐tumor agent. In a mouse model, an oral
dose of 100 mg/kg of low‐molecular‐weight (average 1726 kDa) sulfonated kappa‐
carrageenan was shown to inhibit tumor formation (Haijin, et al., 2003). Similarly,
depolymerized lambda‐carrageenan (MW 9.3‐650 kDa) caused tumors to shrink in mice
(Zhou, et al., 2004). These studies and others propose that the likely mechanism of
carrageenan anti‐tumor activity in vivo involves the activation of the immune system
rather than any direct targeting of cancer cells (Hu, et al., 2006; Stephanie, Eric, Sophie,
Christian, & Yu, 2010). Carrageenans may also protect against oxidative damage both in
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vitro and in a cell system (Yuan, et al., 2006). Derivatives, particularly over‐sulfated and
acetylated carrageenans, seem to be even more effective than the large‐molecular‐
weight native carrageenans (Yuan, et al., 2005; Zuniga, Matsuhiro, & Mejias, 2006).
Additionally, non‐gelling carrageenans have been shown to provide higher anti‐tumor
activity than gelling carrageenans (Hu, et al., 2006).
1.4 Analysis of carrageenans
1.4.1 X‐ray fiber diffraction
X‐ray diffraction has been used for decades as a tool to analyze the molecular structure
and packing assemblies of polysaccharides. The diffraction patterns are created by
constructive interference between the beams that are scattered by a crystal matrix.
Bragg’s law interprets the measurements of the diffraction peaks, known as “Bragg
peaks” (Fig. 2). The wavelengths of X‐rays, from approximately 0.1 to 10 Å, make them
particularly well suited for analyzing the crystalline arrangement of molecules and fibers.
X‐ray diffraction is also used to determine the three‐dimensional structures of organic
and inorganic compounds, polymers, viruses, and proteins.

nλ = 2d sin θ
n is an integer
λ is the X‐ray
wavelength
d is the lattice spacing

θ is the angle between
the incident beam and
the scattering plane
Figure 2. Schematic representation of Bragg's Law.
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In solution, carrageenans are amorphous; thus, the three‐dimensional packing structure
cannot be observed. In order to study the crystalline arrangement, chains must by
oriented uniaxially in space. Consequently, with good alignment of the polysaccharide
chains, diffraction patterns containing Bragg peaks can be obtained. Thus, methods
have been developed to orient polysaccharide chains uniaxially. One common
technique involves placing a droplet of polysaccharide solution between two supports,
allowing the droplet to partially dry, and stretching the droplet results in oriented fibers
(Anderson, Campbell, Harding, Rees, & Samuel, 1969; Chandrasekaran & Stubbs, 2006).
Other researchers have used weights to stretch semi‐dry strips of polymers (Arnott,
Scott, Rees, & McNab, 1974). Some other successful techniques include using capillary
tubes and applying shearing forces to move the solution through the tube, stretching
extruded fibers, and using magnetic fields to assist with orientation (Bayley, 1955;
Gregory & Holmes, 1965; Yamashita, Suzuki, & Namba, 1998). For the best orientation
and organization, the effects of factors such as pH, humidity, temperature, solvent, and
co‐solutes must be explored (Chandrasekaran & Stubbs, 2006).
Unit cell dimensions are usually reported in terms of a, b, c, α, β, and γ. Figure 3 shows
examples of two common lattice arrangements adopted by carrageenans. Computer
programs have been developed to calculate the unit cell dimensions by inputting the
Bragg reflections coordinates of a diffraction pattern and fiber to detector distance.
One such program is FibreFix, available from the CCP13 group (Rajkumar, Al‐Khayat,
Eakins, Knupp, & Squire, 2007).
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Orthorhombic
a≠b≠c

α = β = γ = 90°

Trigonal
a=b≠c

α = β = 90°
γ = 120°

Figure 3. Two common unit cells adopted by carrageenans.
Many polysaccharides have had X‐ray diffraction patterns and unit cell dimensions
published. A summary of several published unit cell dimensions for carrageenans is
given in Table 1. The 1955 study by Bayley published patterns for “whole” carrageenan,
kappa‐carrageenan, and lambda‐carrageenan, but the patterns for kappa‐carrageenan
were not clear enough for complete unit cell determination. Later patterns were
considerably clearer, and most pointed to a trigonal unit cell for iota‐ and kappa‐
carrageenans. The results also confirm that iota‐carrageenan appears to be present
predominantly in right‐handed, three‐fold, parallel, half‐staggered helices (Anderson, et
al., 1969; Arnott, et al., 1974). The half‐staggered arrangement is when one chain in
double helix offsets the other chain by exactly one half of total helical pitch. Computer

15
modeling confirms that carrageenan helices should sterically favor right‐handed
conformations; several generated models indicate possibility of 2‐,3‐,4‐, and 5‐fold
helices for iota‐ and kappa‐carrageenan, and 2‐,3‐,4‐,5‐, and 6‐fold helices for lambda‐
carrageenan; however, the 4‐,5‐, and 6‐fold models for lambda‐carrageenan are
unrealistic, as sulfate groups would have to be present on the interior of the helical
chain (Le Questel, Cros, Mackie, & Perez, 1995). The smallest unit cell analyzed for iota‐
carrageenan contains 3 double helices; however, further research conducted by
Janaswamy and Chandrasekaran on iota‐carrageenan indicates larger unit cells, with a
greater number of helices, are possible in the presence of various cations (2001, 2005,
2006, 2008).
Table 1. Unit cell parameters observed for iota‐, kappa‐, and lambda‐carrageenan in the
presence of various cations.
Carrageenan
Cell Type
“Whole” a
Orthorhombic
a
Lambda
Monoclinic
+ b
Iota (K )
Trigonal
Kappa (K+)b
Trigonal
2+ c
Iota (Ca )
Trigonal
+ d
Iota (Na )
Trigonal
Iota (Ca2+)e
Trigonal
a
(Bayley, 1955)
b
(Anderson, et al., 1969)
c
(Arnott, et al., 1974)
d
(Janaswamy & Chandrasekaran, 2001)
e
(Janaswamy & Chandrasekaran, 2002)

a (Å)
18.8
11.3
22.6
20
13.73
24.02
23.61

b (Å)
25.2
25.2
22.6
20
13.73
24.02
23.61

c (Å)
6.0
6.0

13.28
12.93
13.21

α
90°
90°
90°
90°
90°
90°

β
90°
81°
90°
90°
90°
90°
90°

γ
90°
120°
120°
120°
120°
120°

1.4.2 Solution and gelling properties
As described in section 1.3, the functional properties of carrageenans are of great use to
researchers and industry. However, the different carrageenan forms have different
gelling and solution properties. In general, kappa‐carrageenan tends to form hard,
brittle gels while iota‐carrageenan yields softer, more elastic gels. Lambda‐carrageenan
had not been known to gel at all; however, research presented in the Appendix shows
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that this biopolymer does gel in the presence of trivalent iron ions. Because of the
differing properties of carrageenans depending on form and co‐dissolved cations,
research has targeted identifying the gelation mechanisms of kappa‐ and iota‐
carrageenans in the presence of various cations. Using results from techniques such as
photon transmission spectroscopy and differential scanning calorimetry, researchers
concluded that the carrageenan chains undergo a coil‐to‐helix transition, followed by a
helix‐to‐dimer transition, as depicted in Figure 4 (Grinberg, et al., 2001; Kara, Arda, &
Pekcan, 2005, 2007; Ozbek & Pekcan, 2006; Pekcan, Kara, & Arda, 2007). These
transitions are dependent on the type of cation used. Potassium ions create stronger
gels with kappa‐carrageenan, while calcium ions are favored by iota‐carrageenan
(Morris & Chilvers, 1981; Tako & Nakamura, 1986; Tako, Nakamura, & Kohda, 1987).

Cooling

Cooling

Figure 4. Ordering of carrageenan chains upon cooling, coil‐to‐helix followed by helix‐to‐
dimer.
The ability of cations such as K+ and Ca2+ to mediate the aggregation of carrageenan
helices is one explanation for gelling mechanisms, particularly in kappa‐carrageenan,
while in iota‐carrageenan some research has indicated that end‐to‐end associations may
have more influence on gelling (Funami, et al., 2007). Molecular weight also influences
properties such as gel breaking strength, low shear viscosity and gel‐to‐solution
transition temperature (Singh & Jacobsson, 1994; Souza, Hilliou, Bastos, & Goncalves,
2011). The more salt is added, the more carrageenan chains are able to aggregate
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(Ueda, Itoh, Matsuzaki, Ochiai, & Imamura, 1998). Generally, cations act as bridges
between sulfate groups, decreasing electrostatic repulsion among carrageenan chains
and driving the formation of gels. The helix aggregation results in increased gel
hardness until a maximum concentration of salt is reached; after this point, salt addition
results in decreased gel hardness (Thrimawithana, Young, Dunstan, & Alany, 2010).
Composition of carrageenans also influences gel properties. Hybrid carrageenans, mixes
of various carrageenan forms, have altered functionality than their individual forms.
Furthermore, hand mixed ratios of hybrids (for example, mixing 50% kappa‐ and 50%
iota‐carrageenan together in a solution) have different properties than the same hybrid
ratios extracted directly from the source, indicating that the extracted hybrids have both
forms present within the same polysaccharide chain (van de Velde, Peppelman, Rollema,
& Tromp, 2001). Additionally, the presence of any precursor carrageenans, such a nu‐
for iota‐ type, will inhibit the formation of helices and prevent gelation (van de Velde, et
al., 2002). In the case of kappa‐ and iota‐carrageenans, the proposed reason for this
interference with gelation is that the precursors lack the 3,6‐anhydro ring. This results
in the second unit of the disaccharide adopting the opposite chair conformation, a 4C1
instead of 1C4, causing “kinks” in the chain (Fig. 5), which is also a proposed explanation
for lambda‐carrageenan’s inability to gel (Rees, 1969; van de Velde, et al., 2002).
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Figure 5. Left, iota‐carrageenan; Right, lambda‐carrageenan; in the 4‐linked
galactopyranosyl unit the 3,6‐anhydro ring forces the 1C4 conformation while in lambda‐
carrageenan this unit adopts the 4C1.
1.5 Research goals
The goal of the research conducted for this thesis was to better define the behavior of
iota‐carrageenan, both structurally and functionally, in the presence of various co‐
solutes. The first experiment is a systematic study of both sodium‐ and calcium‐forms of
iota‐carrageenan and the effects of increasing salt concentrations on structure and
rheology. The second study was designed to identify the effects of sucrose and NaCl on
structure, gelling, and thermal properties. Finally, the third study evaluates the changes
in these same properties in the presence of Rebiana (rebaudioside A, non‐nutritive
sweetener) and NaCl.
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CHAPTER 2 SYSTEMATIC INVESTIGATION OF EFFECT OF SODIUM CHLORIDE AND
CALCIUM CHLORIDE CONCENTRATIONS ON STRUCTURE AND FUNCTION OF IOTA‐
CARRAGEENAN

2.1 Abstract
Iota‐carrageenan is a sulfated galactan used by the food and pharmaceutical industries
for its gelling properties. This polysaccharide has been shown to adopt different three‐
dimensional structures and to change of rheological functionality depending on
concentration and type of salt added. This study was undertaken to test the effect of
salt type and concentration on the three‐dimensional packing structure and rheological
behavior of iota‐carrageenan. Four concentrations, 0.5%, 0.75%, 1.0%, and 1.5% w/w,
of polysaccharide were tested along with six levels, 25, 50, 75, 100, and 150 mM, of two
types of salts, NaCl and CaCl2. X‐ray diffraction data of fibers prepared at 66 and 75%
relative humidity indicated that these humidities had no appreciable effect on unit cell
dimensions. However, a non‐half‐staggered double helical arrangement was observed
in both Na+ and Ca2+ forms. In the presence of sodium ions, seven packing structures
were observed: two orthorhombic and five trigonal nets. Rheological experiments
showed that both the concentration of iota‐carrageenan and Na+ ions had significant,
positive correlations with gel‐to‐sol transition temperature (Tg) as well as with storage
modulus (G’) at 5°C, especially at low concentrations of Na+. However, no correlations
were apparent between the packing structures and rheological parameters for sodium
iota‐carrageenan.
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2.2 Introduction
Carbohydrate gums have long been used for their functional properties by food,
pharmaceutical, and other industries. The ability of gums to form gels at very low
concentrations results in great versatility. Carrageenans, as negatively charged
polysaccharide gums, have been particularly useful as their gelling functionality changes
in the presence of various salts. Kappa‐carrageenan is known to form strong, brittle gels
in the presence of monovalent cations, particularly potassium (Annaka, et al., 2000).
Iota‐carrageenan tends to yield softer, more elastic gels, particularly in the presence of
divalent cations (Funami, et al., 2007). One problem with using carrageenans is that
their functionality may differ between batches, as the polysaccharide chains are not
entirely composed of the ideal disaccharide repeats (De Ruiter & Rudolph, 1997). The
presence of other carrageenan configurations or precursor units in the chain can affect
gelling properties, thus requiring ingredient suppliers to monitor the functional
properties of the product and be particularly careful in sourcing the gum (van de Velde,
et al., 2002). Numerous research groups have developed methods to identify and
isolate carrageenan types, such as kappa‐, iota‐, lambda‐, etc, as the type and mixture of
carrageenans used may greatly alter the functional properties (Antonopoulos, et al.,
2005; Antonopoulos, et al., 2004; Chopin & Whalen, 1993).
Some efforts have been expended to link the structural features to the functionality
(Cook, Hollowood, Linforth, & Taylor, 2002). Prior research has indicated that iota‐
carrageenan will pass through coil‐to‐helix, helix‐to‐dimer, and dimer‐to‐dimer
transitions upon cooling, and the reverse upon heating (Grinberg, et al., 2001; Kara, et
al., 2005, 2007; Ozbek & Pekcan, 2006; Pekcan, et al., 2007). Data on the three‐
dimensional arrangement of iota‐carrageenan are valuable to understand the structure
of junction zones formed during the association of these helices and dimers.
The current study endeavors to track the structure and function of iota‐carrageenan
across a range of polysaccharide concentrations in the presence of sodium and calcium
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ions. A systematic approach was used to analyze the effects of Na+ and Ca2+ on iota‐
carrageenan properties, with an emphasis on unit cell dimensions, lattice shape, and
rheological properties.
2.3 Materials and methods
2.3.1 Solutions
Sodium‐form iota‐carrageenan was a gift from FMC (Philadelphia, PA). Sodium chloride
and calcium chloride were laboratory‐grade chemicals. Solutions of sodium‐form iota‐
carrageenan were prepared at 0.5%, 0.75%, 1.0%, and 1.5% w/w in distilled, deionized
water, and heated to about 90°C while stirring until homogeneous solutions were
obtained (approximately 45 min). Solutions were stored overnight at 4°C. Sodium iota‐
carrageenan solutions were prepared with 0, 25, 50, 75, 100, and 150 mM NaCl by
adding appropriate amounts of salt, and solutions were heated and stirred until
homogeneous, approximately 45 minutes. Ca2+‐form iota‐carrageenan was prepared by
dissolving the polysaccharide at 0.25% w/w in distilled, deionized water and heating to
boiling with stirring until homogeneous. CaCl2 was then added at 200 mM, and the
solution was maintained at approximately 90°C with continuous stirring for 1 hour. The
hot solution was then dripped into cold (4°C) isopropanol. The precipitate was removed
and dried for 24 hours at 50°C. The resulting calcium iota‐carrageenan was used to
prepare solutions with CaCl2 at 0, 25, 50, 75, 100, and 150 mM. All solutions were
stored at 4°C for further analysis.
2.3.2 Fiber preparation and X‐ray diffraction
Fibers were prepared for diffraction experiments by suspending a drop of solution
(approximately 20 µL) between two glass rods in a fiber puller, allowing the solution to
dry for about 2 hours, and then pulling the fiber until approximately 2 times the original
length for a final length of 2‐3 mm. Relative humidity (RH) in the fiber pullers was
maintained at 66% and 75%, and fibers were prepared for each solution at both
humidity levels.
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Synchrotron X‐ray diffraction data were obtained at Argonne National Laboratories (ANL,
Chicago, IL). Wavelength of the X‐ray beam was set at 0.979 Å with a 5 second exposure.
Calcite powder with characteristic 3.035 Å d‐spacing was used for internal calibration.
Patterns were analyzed with FibreFix 1.3.1 to obtain pattern centers, fiber‐to‐detector
distances, and coordinates of Bragg reflections (Rajkumar, et al., 2007). In‐house
programs were used to estimate ρ values, Miller indices, and unit cell dimensions. The
following equations were used:
Trigonal unit cell: ξ = a*(h2+hk+k2)1/2, where a* = 1/(a sinγ)
Orthorhombic unit cell: ξ = (a*2h2+b*2k2)1/2, where a* = 1/a and b* = 1/b
ρ2 = ξ 2 + ζ 2

ζ = lc*, where c* = 1/c
In these equations, ξ is the cylindrical radius, ζ is the vertical component, and a*, b*,
and c* are the dimensions of the reciprocal unit cell.
2.3.3 Rheology
Viscoelastic behaviors of the prepared solutions were analyzed using an ARG2
Rheometer from TA Instruments (New Castle, DE). A 40mm, 2° cone and plate
geometry with a solvent trap was used with a heating rate of 2°C/min in the range of 0‐
70°C at 1 Hz with 2% strain (within the linear viscoelastic region). Rheological gel‐to‐
solution transition temperature (Tg) was defined as the temperature at which G’=G”.
Tests were conducted in duplicate, results were analyzed statistically with SAS Version
9.2 from the SAS Institute, Inc (Cary, NC); average values are reported.
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2.4 Results and discussion
2.4.1 X‐ray diffraction
Unit cell dimensions are shown in Tables 2, 3, and 4. The Bragg reflections in all
patterns corresponded to either trigonal (a = b ≠ c, α = β = 90°, γ = 120°) or
orthorhombic (a ≠ b ≠ c, α = β = γ = 90°) lattice arrangement. No trends were evident in
the unit cell dimensions of iota‐carrageenan samples as a result of increasing salt or
polysaccharide concentration or due to changing the relative humidity at which the
fibers were prepared.
For sodium iota‐carrageenan, seven groups of unit cell dimensions were observed. At
least three polymorphs for sodium‐form iota‐carrageenan have been reported
previously (Janaswamy & Chandrasekaran, 2001, 2005, 2006). In the current study,
similar groupings of sodium samples are numbered on the left‐hand side of Table 2.
Analysis of the assigned groupings revealed that mean values of cell edge a are
significantly different for each group (α=0.05), except between group 5 and 6, which are
distinguished from each other by to the larger c spacings in group 6.
In the first group are two patterns showing an orthorhombic arrangement. For the
sample of 0.5% iota‐carrageenan with 50 mM NaCl at 75% RH and the sample of 0.75%
iota‐carrageenan with 25 mM NaCl at 75% RH, the orthorhombic arrangement is due to
the presence of an extra reflection on the first layer line at RR=0.056 Å‐1, shown in
Figure 6, which would not be explained by a trigonal lattice. RR is the lateral distance
between the meridian of the pattern and the Bragg peak.
Table 2. Variations in unit cell dimensions of iota‐carrageenan as a function of carrageenan and NaCl
concentrations and relative humidity, orthorhombic lattices.
+
Group
Figure
Iota % w/w Na mM
RH %
a (Å)
b (Å)
c (Å)
0.5
50
75
22.9 (5)
23.9 (3)
12.8 (1)
1
6, pg 26
0.75
25
75
23.6 (5)
23.4 (2)
12.9 (1)
2
7, pg 27
1
100
75
32.5 (4)
32.0 (3)
13.1 (1)
Standard deviations in parentheses
Values sorted by cell edge a
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Table 3. Variations in unit cell dimensions of iota‐carrageenan as a function of carrageenan and NaCl
concentrations and relative humidity, trigonal lattices.
+
Group
Figure
Iota % w/w
Na mM
RH %
a (Å)
c (Å)
3
8, pg 28
0.5
50
66
21.5 (2)
13.1 (2)
1.5
0
75
21.5 (1)
13.4 (1)
0.5
75
66
23.3 (2)
13.0 (2)
0.5
25
66
23.5 (2)
13.1 (1)
0.5
0
75
23.8 (2)
13.3 (1)
0.75
75
75
24.4 (1)
13.1 (1)
1
0
66
24.5 (2)
13.1 (1)
1.5
50
66
24.4 (2)
13.2 (1)
0.75
0
66
24.7 (1)
13.3 (1)
0.75
75
66
24.8 (2)
12.9 (2)
1
150
66
24.8 (2)
13.1 (1)
1
150
66
24.8 (2)
13.1 (2)
0.75
25
66
24.9 (1)
12.6 (1)
0.5
100
66
25.2 (3)
13.0 (2)
0.75
150
75
25.9 (2)
12.9 (1)
0.75
150
66
26.0 (3)
13.2 (2)
1
100
66
26.2 (2)
13.4 (2)
1.5
100
66
26.4 (2)
13.3 (1)
0.5
75
75
26.5 (3)
12.9 (1)
1
25
66
26.6 (2)
13.2 (1)
0.75
100
75
26.7 (2)
13.1 (1)
1.5
100
75
26.8 (3)
13.1 (2)
0.5
100
75
26.9 (3)
12.8 (2)
1.5
25
66
27.6 (2)
13.2 (1)
1.5
75
75
29.3 (2)
13.0 (1)
0.75
50
75
29.8 (2)
13.0 (1)
0.75
100
66
29.8 (3)
13.2 (2)
1
25
75
30.7 (1)
13.0 (1)
4
9, pg 29
0.5
25
75
36.6 (8)
12.6 (4)
1
50
75
38.5 (1)
13.0 (1)
5
10, pg 31
1.5
0
66
44.3 (2)
13.2 (1)
0.75
0
75
44.4 (2)
13.2 (1)
6
10, pg 31
1.5
25
75
44.6 (1)
26.3 (1)
1.5
50
75
44.7 (1)
26.1 (1)
7
12, pg 33
1.5
75
66
50.1 (1)
13.2 (0)
0.75
50
66
50.7 (1)
13.2 (0)
1
50
66
52.1 (1)
13.2 (0)
1
75
75
52.6 (2)
13.2 (1)
1
75
66
56.1 (6)
12.9 (1)
Standard deviations in parentheses
Values sorted by cell edge a

25
Table 4. Variations in unit cell dimensions of iota‐carrageenan as a function of carrageenan and CaCl2
concentration and relative humidity, trigonal lattices.
2+
Figure
Iota % w/w Ca mM
RH %
a (Å)
c (Å)
11, pg 32
0.5
0
66
23.4 (1)
26.3 (1)
11, pg 32
1.5
0
66
22.1 (2)
13.5 (2)
0.5
0
75
22.4 (1)
13.3 (1)
0.75
0
66
22.4 (1)
13.4 (1)
1
0
75
22.4 (1)
13.3 (1)
1.5
0
75
22.8 (1)
13.3 (1)
1.5
25
75
22.8 (1)
13.5 (1)
1
0
66
23.1 (1)
13.3 (1)
1
25
66
23.1 (1)
13.3 (1)
1.5
150
66
23.2 (1)
13.2 (1)
0.5
50
75
23.3 (1)
13.2 (1)
0.5
75
75
23.3 (2)
13.2 (2)
1
75
75
23.4 (1)
13.2 (1)
0.5
100
75
23.5 (0)
13.2 (0)
0.5
150
75
23.5 (1)
13.3 (1)
1.5
25
66
23.5 (1)
13.1 (2)
0.75
0
75
23.5 (2)
13.2 (2)
0.5
75
66
23.6 (0)
13.2 (0)
0.75
100
66
23.6 (1)
13.2 (1)
1
25
75
23.6 (1)
13.2 (1)
1
100
66
23.6 (1)
13.3 (1)
1.5
50
75
23.6 (1)
13.2 (1)
0.5
50
66
23.7 (1)
13.2 (0)
0.5
100
66
23.7 (1)
13.2 (1)
1.5
100
66
23.7 (3)
13.0 (2)
1
75
66
23.8 (1)
13.2 (1)
1.5
75
66
23.8 (1)
13.2 (1)
0.5
150
66
23.9 (1)
13.3 (1)
0.75
25
66
23.9 (1)
13.2 (0)
1
50
75
23.9 (1)
13.2 (1)
1
150
75
23.9 (1)
13.2 (1)
1.5
75
75
23.9 (1)
13.2 (1)
1.5
100
75
23.9 (1)
13.2 (1)
0.5
25
66
24.0 (1)
13.1 (1)
0.75
25
75
24.0 (1)
13.1 (1)
0.75
150
66
24.0 (1)
13.1 (1)
0.75
150
75
24.0 (1)
13.2 (1)
1
50
66
24.0 (1)
13.1 (1)
1.5
50
66
24.0 (1)
13.1 (1)
1.5
150
75
24.3 (2)
13.1 (1)
0.5
25
75
24.6 (1)
13.0 (1)
1
100
75
24.7 (2)
13.1 (1)
Standard deviations in parentheses
All trigonal lattices
Values sorted by cell edge a
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Figure 6. X‐ray fiber diffraction pattern of 0.75% iota‐carrageenan in the presence of 25
mM NaCl at 75% RH (from group 1). Arrow indicates the reflection not explained by
trigonal lattice.
The second group contains a single pattern, 1.0% iota‐carrageenan with 100 mM NaCl at
75% RH, with an orthorhombic net stemming from the presence of a triplet of
reflections on the first layer line (Fig. 8) with RR=0.036 Å‐1, 0.045 Å‐1 and 0.055 Å‐1.
Molecular modeling analysis would be necessary to understand the arrangement and
number of double helices present within this unit cell as it has not been previously
observed in the literature.
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Figure 7. X‐ray fiber diffraction pattern of 1.0% iota‐carrageenan with 100 NaCl at 75%
RH (from group 2). Arrows indicate triplet of reflections not explained by trigonal lattice.
The third group of patterns is closer to more typically seen arrangements for iota‐
carrageenan with a cell edge a near 24 Å and layer line spacing c near 13 Å (Anderson, et
al., 1969; Janaswamy & Chandrasekaran, 2001, 2006). However, in the present case the
basal net dimensions range from 21.46 to 30.74 Å. An example of a well‐resolved
pattern from this group is shown in Figure 7. Statistical analysis on this group by itself
showed no correlations between basal net dimensions and iota‐carrageenan
concentration, Na+ or Ca2+ concentration, or RH (p=0.35). Previously reported patterns
having near the same unit cell parameters were shown to contain 3 iota‐carrageenan
double helices within the trigonal unit (Janaswamy & Chandrasekaran, 2001).
Potentially, the slightly larger cells in the present study could contain more water
molecules among the three double helices of the unit cell while the smaller cells could
contain less water, causing the basal net size to increase and decrease, respectively.
However, the reason these samples would contain less water is undetermined, as there
were no trends in basal net dimensions caused by changes in relative humidity.
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Figure 8. X‐ray fiber diffraction pattern of 1.0% iota‐carrageenan with 0 NaCl at 66% RH
(from group 3).

Group 4 contains two patterns that yield a trigonal lattice, but with much larger cell
edge a (36.57 to 38.50 Å) than those in group 3. This larger basal net originates from a
new, weak reflection on layer line 2 around RR=0.032 Å‐1 (Fig. 9). Further analysis is
required to determine the number and arrangement of helices in this unit cell.
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Figure 9. X‐ray fiber diffraction pattern of 0.5% iota‐carrageenan with 25 mM NaCl at 75%
RH (from group 4). Arrow indicates a weak reflection that results in larger basal net
dimensions.
Groups 5 and 6 contain patterns that are visibly similar (Fig. 10) and have a trigonal cell
edge near 44 Å. Group 6, however, contains two patterns with the appearance of extra
layer lines. These patterns indicate that the iota‐carrageenan double helices are no
longer present in the half‐staggered arrangement. Previous reports established that the
half‐staggered arrangement is typical for iota‐carrageenan (Anderson, et al., 1969;
Janaswamy & Chandrasekaran, 2001, 2006). In the current study, extra layer lines are
seen in the presence of both Na+ and Ca2+, indicating that non‐half‐staggering can occur
for iota‐carrageenan in either salt form. The calcium non‐half‐staggered pattern
appeared only with 0.5% iota‐carrageenan with 0 CaCl2 mM at 66% RH (Fig. 11).
Previous researchers have reported the appearance of a non‐half‐staggered
arrangement in the presence of magnesium ions, but the extra layer lines were very
weak (Arnott, et al., 1974). In the present case, the extra layer lines are quite distinct,
containing well‐resolved Bragg reflections. Consequently, the c value is approximately
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double that of half‐staggered patterns, as would be expected. In both the half‐
staggered and non‐half‐staggered arrangements, iota‐carrageenan is likely present as a
three‐fold double helix. In the half‐staggered arrangement, one chain offsets the other
by half of the helix pitch and causes the layer line spacing c to encompass only half of
the full helix. However, in the non‐half‐staggered arrangement, the relationship
between the chains is lost, and thus layer line spacing is doubled and includes all three
disaccharide repeats of the iota‐carrageenan double helix.
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Figure 10. X‐ray fiber diffraction patterns of groups 5 (left) and 6 (right). Top left, 1.5%
iota‐carrageenan with 0 mM NaCl at 66% RH; bottom left, 0.75% iota‐carrageenan with
0 mM NaCl at 75% RH; top right, 1.5% iota‐carrageenan with 25 mM NaCl at 75% RH;
bottom right, 1.5% iota‐carrageenan with 50 mM NaCl at 75% RH. Arrows indicate extra
layer lines observed in group 6.
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Figure 11. Left, X‐ray fiber diffraction pattern of 0.5% iota‐carrageenan with 0 CaCl2 at
66% RH; Right, X‐ray fiber diffraction pattern of 1.0% iota‐carrageenan with 0 CaCl2 at 66%
RH. Extra layer lines, present in left image are indicated by arrows.

Group 7 is a final set with a novel trigonal packing arrangement observed for sodium
iota‐carrageenan with larger basal net dimensions, varying between 50 and 56 Å. This is
due to the appearance of a new reflection on the first, and possibly second, layer line at
RR=0.023Å‐1 (Fig. 12). These patterns appear very similar to those in group 3 with
double the previously observed a value. In the case of 24 Å basal net, as in group 3,
three iota‐carrageenan double helices are participating in the smallest arrangement
possible (Janaswamy & Chandrasekaran, 2001). As the basal net dimensions for group 7
are approximately double that of group 3, the cell edge for group 7 should allow twelve
iota‐carrageenan double helices to be present in the new arrangement.
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Figure 12. X‐ray fiber diffraction pattern of 0.75% iota‐carrageenan with 50 mM NaCl at
66% RH (from group 7). Arrow indicates new reflection responsible for larger basal net
dimensions.
At least three polymorphs have been observed for iota‐carrageenan in the presence of
calcium ions (Arnott, et al., 1974; Janaswamy & Chandrasekaran, 2002, 2008). However,
in the present study, most samples displayed more or less the same general unit cell
constants, with a trigonal basal net with cell edge a around 23‐24 Å and layer line
spacing c of 13 Å. Only the fibers prepared from 0.5% iota‐carrageenan solution at 66%
RH without any added salt displayed altered unit cell constants (Fig. 11). This sample,
similar to the group 6 on the sodium samples, displays extra layer lines, indicating a non‐
half‐staggered arrangement of the two chains in the double helix.
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2.4.2 Rheology
Averaged rheological gel‐to‐solution (Tg) transition temperatures and storage moduli
(G’) at 5°C for sodium iota‐carrageenan solutions are presented in Table 5, followed by
statistical analysis in Table 5. Figure 13 gives an example of the data obtained from
temperature sweeps. The trends for Tg and G’ are also shown in Figures 14 and 15.
From Figure 14, positive correlations are apparent for Tg as a result of increasing NaCl
concentration. This is because as NaCl concentration increases, more Na+ ions are
available to stabilize the junction zones by interacting with the negatively charged
sulfate groups present on the iota‐carrageenan double helices. Thus, increases in cation
concentration result in more thermal energy needed to break apart junction zones.
The interaction of the Na+ ions with the iota‐carrageenan sulfate groups may also be
seen in the positive correlation between G’ and NaCl concentration (Fig. 15). This
relationship is even more obvious if analysis is limited to the lower NaCl concentrations
(0, 25, and 50 mM), as shown in the second half of Table 6. The parameter estimate
given by multiple regression for G’ as a function of iota‐ concentration and NaCl
concentration is 0.16 when including all levels of NaCl, but increases to 0.51 when using
only the three lower concentrations of NaCl. In agreement with previously reported
results, these values indicate that G’ is more substantially affected by addition of NaCl at
lower concentrations of the salt (Gobet, et al., 2009). This same general trend, high
changes in G’ at low salt levels and low changes in G’ at high salt levels, has also been
observed in the presence of potassium ions (Hossain, Miyanaga, Maeda, & Nemoto,
2001). Overall, the concentration of iota‐carrageenan has the largest magnitude effect
on both G’ and Tg. This is expected, as the iota‐carrageenan is responsible for the
network formation, and the presence of cations allows the polysaccharide to overcome
the Coulombic repulsion caused by the sulfate groups.
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Table 5. Variations in Rheological Tg and G’ as a function of iota‐carrageenan and NaCl
concentration.
Iota (% w/w)
Na+ (mM)
Tg (°C)
G' (Pa at 5°C)
0.50
0
42.6
8.0
25
47.8
26.4
50
48.4
31.9
75
49.7
36.5
100
51.0
36.0
150
56.0
43.1
0.75
0
49.7
37.8
25
52.3
72.8
50
52.7
80.2
75
53.8
79.7
100
55.1
80.4
150
58.1
74.5
1.00
0
54.1
110.9
25
56.0
143.8
50
56.2
144.6
75
57.1
145.2
100
58.1
143.5
150
59.2
128.8
1.50
0
59.0
284.4
25
60.3
309.2
50
62.2
282.3
75
62.0
336.2
100
62.4
271.8
150
68.1
336.0
Table 6. Statistical analysis of sodium iota‐carrageenan rheological values.
Dependent variable
Variable
Correlation
p‐value
Iota % w/w
1330 (64)
<.0001
Rheological Tg (°C)
+
Na mM
0.053 (.004)
<.0001
Iota % w/w
27800 (1000)
<.0001
G' (Pa at 5°C)
+
Na mM
0.168 (.077)
0.0349
Statistical analysis of moduli for [Na]<=50 mM
Iota % w/w
27600 (900)
<.0001
G' (Pa at 5°C)
Na+ mM
0.513 (.171)
0.0066
Standard error in parentheses
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Figure 13. Temperature ramp for 1.0% iota‐carrageenan solution with 50 mM NaCl,
2°C/min heating rate at 1 Hz with 2% strain.
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Figure 14. Variations in Rheological Tg as a function of NaCl and iota‐carrageenan
concentration.
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Figure 15. G’ at 5°C as a function of NaCl and iota‐carrageenan concentration.

2.4.3 Structure‐function interactions
While direct correlations between solid‐state structure and functionality may not be
expected, a goal of this research was to see if rheology could be used to correlation
junction zone behavior with the unit cell sizes and lattice shapes. However, analysis the
rheological data in terms of the groupings from X‐ray results revealed no significant
correlations between unit cell groups and rheological Tg or G’, p=0.34 and 0.23
respectively. This may be due in part to the very small sample size of several groups,
such as groups 1, 4, 5, and 6 with only two samples and group 3 with only 1 sample.
Without larger sample sizes, the effect of iota‐carrageenan concentration on Tg and G’
appears to overwhelm any changes due to structural arrangements.
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Several studies have proposed that the Tg in iota‐carrageenan is the temperature at
which double helices disassociate into random coils, as depicted in Figure 4 of Chapter 1
(Kara, et al., 2005, 2007; Pekcan, et al., 2007). This transition, however, may not be best
suited for comparison with three‐dimensional structural data. As X‐ray diffraction
results describe the association among iota‐carrageenan double helices, a better
functional transition to analyze would be the dimer to helix transition. Assuming that
the packing arrangement of the junction zones mimics the arrangement seen in X‐ray
diffraction, then dimer to helix transition would show the dissociation of packing
arrangement. The energy involved in this transition could be different depending on
what unit cell type is adopted by the junction zone.
2.5 Conclusions
Iota‐carrageenan may assume a variety of three‐dimensional packing arrangements.
Unit cell dimensions were virtually the same across the board for calcium‐form iota‐
carrageenan fibers, except for one non‐half‐staggered arrangement, but sodium‐form
fibers showed more variety. Seven distinct groups were observed for sodium‐form iota‐
carrageenan, including two orthorhombic unit cells of different basal net dimensions
and five trigonal unit cells with four basal net dimensions and two c values. The current
study shows that there is no significant effect on these arrangements from the relative
humidity at which the samples are prepared. Additionally, there is no consistent effect
on the packing arrangement by changing the concentration of iota‐carrageenan or salt.
Rheological experiments showed that iota‐carrageenan and Na+ concentration both had
significant, positive effects on gel‐to‐sol transition temperatures as well as on G’,
especially at low concentrations of Na+. However, more research is needed to
understand what drives the formation of the various molecular assemblies seen in the
X‐ray patterns. Furthermore, more data are needed to understand the effect of cations
on the structure‐function relationships of iota‐carrageenan, mainly how the solid‐state
packing arrangements affect the rheological values.
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CHAPTER 3 EFFECT OF SUCROSE ON THE STRUCTURE AND FUNCTION OF SODIUM FORM
IOTA‐CARRAGEENAN

3.1 Abstract
In food formulations, polysaccharides are routinely used to control functional properties
such as water binding, rheology, and stability of dispersions. Addition of other food
ingredients, notably sugars and salts, significantly alters food physical properties such as
ingredient solubility, hygroscopicity and crystallinity. In this regard, a detailed
knowledge of the physical and chemical interactions among food ingredients such as
salts, sugars, and hydrocolloids would be greatly beneficial for understanding the
structure‐function relationships that govern the macroscopic behavior of food systems.
This study investigates the effect of sucrose (0.1, 0.5, and 1.0 M) and NaCl (0.15 and 0.2
M) on the three‐dimensional structure, gelling, and thermal properties of sodium iota‐
carrageenan (1% w/w). X‐ray fiber diffraction patterns indicated that sucrose, as well as
NaCl, participates in the structural arrangement of iota‐carrageenan helices. Elastic and
loss moduli as well as gel‐to‐solution transition temperature increased as a function of
iota‐carrageenan and NaCl concentration. Incorporation of higher amounts of sucrose
also increased the gel‐to‐sol transition temperature and loss modulus. Furthermore,
exothermic peak temperatures, onset temperatures, and enthalpy values from DSC
analysis also increased with increasing carrageenan, NaCl, and/or sucrose
concentrations. Overall, this study demonstrates that addition of sucrose in the
presence of NaCl significantly alters the functional behavior of sodium iota‐carrageenan.
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3.2 Introduction
Structural and rheological properties of polysaccharide food gels depend on factors such
as concentration, molecular structure, temperature, pH, and co‐solutes. The effect of
co‐solutes, however, is still not fully understood. Gelling properties of polysaccharides
such as carrageenan can change depending on what salts are present in the system. As
carrageenans are anionic, their interactions with surrounding cations significantly affect
the overall functionality of the system.
Carrageenans are often used in sweet food products, such as ice cream and chocolate
milk, and knowledge about the interactions with sugars is of high value to the food
industry. Water affinity and hydrogen bonding govern these interactions (Kasapis, Al‐
Marhoobi, Deszczynski, Mitchell, & Abeysekera, 2003; Molina‐Rubio, Casas‐Alencaster,
& Martinez‐Padilla, 2010). Many studies have shown that at high concentrations of
sugars (over 40% w/w) the network of gelling carrageenans breaks down, yet at lower
sugar amounts, the network can be strengthened (Deszczynski, Kasapis, MacNaughton,
& Mitchell, 2002; Evageliou, Kasapis, & Hember, 1998). At high concentration, sugars
compete for water, and carrageenans are thus unable to maintain a full hydration layer,
thus impeding the formation of the three‐dimensional network needed for gelation
(Deszczynski, et al., 2002). Nevertheless, coil‐to‐helix transitions of carrageenan may
still be seen in DSC measurements, thus showing that while high concentrations of
sugars do interfere with carrageenan’s ability to form gel networks, the presence of
sugar does not completely eliminate the association of carrageenan helices (Loret,
Ribelles, & Lundin, 2009).
The current study endeavors to evaluate the effects of both sucrose and NaCl on the
structural and functional behaviors of iota‐carrageenan at dilute concentrations.
Sucrose was used in concentrations below the point at which it would interfere
substantially with gelation, and NaCl was used to promote gelation and helix
aggregation.
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3.3 Materials and methods
3.3.1 Solutions
Iota‐carrageenan was a gift from CPKelco (Atlanta, GA). Sucrose and sodium chloride
were analytical grade chemicals. Iota‐carrageenan solutions were prepared at 1.5 and
1.0% w/w in distilled, deionized water and heated to 90°C with agitation until
homogeneous. Sucrose was added at concentrations of 0.1 M, 0.5 M and 1.0 M
(approximately 3%, 15%, and 30% w/w, respectively), and NaCl at 0.15 M and 0.20 M.
Solutions were again heated to approximately 90°C and stirred until homogeneous,
about 30 minutes. Solutions were stored at 4°C for further analysis.

3.3.2 Fiber preparation and X‐ray diffraction
To make fibers for X‐ray diffraction, approximately 20 μL of solution was suspended
between two glass rods in a fiber puller at a controlled relative humidity of 66%. Each
sample was allowed to dry for approximately 2 hours before being stretched to twice
the original length for a final length of approximately 2‐3 mm. For solutions with high
concentrations of sucrose, the samples were allowed to dry for longer periods of time as
the affinity of sucrose for water prevented the fibers from drying in the usual amount of
time. These samples were allowed 6 to 24 hours drying time in order to reach a state of
semi‐dryness, and then fibers were stretched.

Synchrotron X‐ray diffraction data were obtained at Argonne National Laboratory (ANL),
Chicago, IL. The wavelength of the X‐ray beam was 0.979 Å with an exposure of 5
seconds. For internal calibration, calcite powder (3.035 Å characteristic spacing) was
used. FibreFix version 1.3.1 from CCP13 was used to estimate the pattern center,
detector to fiber distance, tilt, and rotation (Rajkumar, et al., 2007). Reflection positions
in each quadrant were measured and corresponding ρ values (the distance between the
origin and reflection point in the reciprocal space) were estimated with in‐house
programs. For a trigonal system, the following formulas were used:
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ξ = a*(h2+hk+k2)1/2
ρ2 = ξ 2 + ζ 2

ζ = lc*
In these equations, ξ is the cylindrical radius, ζ is the vertical component, and a* and c*
are the dimensions of the reciprocal unit cell. The Miller indices (h, k, l) for each
reflection, a* and c*, and the unit cell parameters with standard deviations were
calculated using in‐house programs.
3.3.3 Rheology
Viscoelastic behavior of the solutions was analyzed with an ARG2 Rheometer from TA
Instruments (New Castle, DE) equipped with a 40 mm steel 2° cone and plate geometry
as well as a solvent trap to minimize sample evaporation. Temperature was increased
from 1 to 70°C, or until gel‐to‐solution transition, with a heating rate of 2°C/min at 1 Hz
and 2% strain (within the linear viscoelastic range), and data were collected on changes
in the storage modulus (G’) and loss modulus (G’’). Rheological gel‐to‐solution
transition temperature (Tg) was defined as when G’=G”. The measurements were done
in duplicate and results averaged.
3.3.4 Thermal analysis
A differential scanning calorimeter (Q2000, TA Instruments, New Castle, DE) was used
for thermal analysis. Gels prepared from section 3.3.1 were weighed into aluminum
pans from TA Instruments (New Castle, DE) in approximately 25 mg aliquots. Samples
were hermetically sealed using a Tzero press (TA Instruments, New Castle, DE) and
heated at 10°C/min from ‐20 to 95°C, cooled at 15°C/min to ‐20°C, and reheated at
10°C/min to 95°C. Duplicate samples were tested. Peaks were most evident on the
initial heating period, thus these peaks were used for analysis. Peak temperatures,
onset temperatures, and enthalpies were obtained using TA Universal Analysis software
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(TA Instruments, New Caste, DE), and results were analyzed statistically with SAS
Version 9.1 from the SAS Institute, Inc. (Cary, NC).
3.4 Results and discussion
3.4.1 X‐ray diffraction
Excess sugar amounts resulted in poorer structural ordering, as seen in Figures 16, 17,
and 18. This trend, loss of resolution with increasing sucrose amounts, was observed in
all samples. Furthermore, these fibers visibly contained more water than the samples
with lower sucrose concentrations, even after extensive drying (excess of 24 hours).
The affinity for water in the samples with high concentrations of sucrose appears to
prevent proper drying, resulting in fibers with reduced orientation and thus poor
resolution. This finding coincides with observations that sucrose at high concentrations,
outcompetes the polysaccharide for water molecules (Deszczynski, et al., 2002).
All the reflections in the diffraction patterns adopted trigonal nets, but with varying
basal net dimensions. The c‐value (layer line spacing) is more or less maintained, as
shown in Table 7, and is consistent with reported sodium‐form iota‐carrageenan
structures (Janaswamy & Chandrasekaran, 2001, 2005, 2006). Consistent with results
given in Chapter 2, increasing the Na+ concentration from 0.15 to 0.2 M has no
statistically significant effect on the unit cell dimensions. However, increasing the
sucrose concentration resulted in larger cell edge (a) values (Fig. 19). The increase is
around 3 Å for 1% iota‐carrageenan and 5 Å for 1.5% iota‐carrageenan. The
hydrodynamic radius of sucrose is of 4.9 Å and includes about 5 water molecules
(Mathlouthi & Génotelle, 1995), and consequently the 3‐5 Å increase in the cell edge
should be enough to incorporate sucrose molecules between the iota‐carrageenan
double helices. The higher basal net dimensions for 0.5 M sucrose samples compared to
0.1 sucrose samples (highlighted in Fig. 19) could be due to the affinity of sucrose for
water and increased amount of sucrose among the double helices.
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1.0% iota‐carrageenan

1.5% iota‐carrageenan

No NaCl
No Sucrose

Figure 16. X‐ray diffraction patterns for sodium iota‐carrageenan without added NaCl or
sucrose.
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1.0% iota‐
carrageenan
(w/w)

0.15 M NaCl

0.20 M NaCl

0.1 M Sucrose

0.5 M Sucrose

1.0 M Sucrose

Figure 17. X‐ray diffraction patterns of 1% sodium iota‐carrageenan with added NaCl
and sucrose.
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1.5% iota‐
carrageenan
(w/w)

0.15 M NaCl

0.20 M NaCl

0.1 M Sucrose

0.5 M Sucrose

1.0 M Sucrose

Figure 18. X‐ray diffraction patterns of 1.5% sodium iota‐carrageenan with added NaCl
and sucrose.
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Table 7. Unit cell dimensions of sodium iota‐carrageenan with added NaCl and sucrose.
Iota (% w/w)
NaCl (M) Sucrose (M)
a (Å)
c (Å)
1.0
0
0
23.3 (3)
13.1 (2)
0.15
0.1
26.9 (3)
13.0 (2)
0.5
28.2 (4)
13.0 (3)
0.2
0.1
26.6 (1)
12.9 (1)
0.5
27.9 (5)
13.1 (3)
1.5
0
0
21.2 (1)
13.3 (1)
0.15
0.1
26.1 (2)
12.7 (1)
0.5
27.6 (3)
12.9 (2)
0.2
0.1
26.1 (1)
12.8 (1)
0.5
28.3 (3)
12.8 (2)
Standard deviations in parentheses

29
28.5
28
a (angstroms)

27.5
27
26.5

0.1 Sucrose

26

0.5 Sucrose

25.5
25
24.5
24
1/0.15

1.5/0.15

1/0.2

1.5/0.2

Iota‐carrageenan (% w/w) / NaCl (mol/L)

Figure 19. Variations in basal net dimensions of sodium iota‐carrageenan with
increasing sucrose concentration.
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3.4.2 Rheology
Both Na+ and sucrose concentrations had positive correlations with the rheological gel‐
to‐solution transition temperature (Tg) and G’’, as seen in Figures 20 and 21, except for
1.0% iota‐carrageenan with 0.2 M NaCl. For this combination, Tg decreased when
sucrose content was raised from 0.1 to 0.5 M. However, as Tg for this sample was
unavailable at 1 M sucrose, complete analysis was not possible. G’ was influenced only
by iota‐carrageenan content (Fig. 22). Previous reports confirm that Na+ and other
cations cause Tg to increase for iota‐carrageenan gels; however, these reports also show
G’ increases with increasing Na+ (Funami, et al., 2007; Gobet, et al., 2009). In the
current study, the lack of an increase of G’ with added Na+ ions may be due to the higher
levels of NaCl used. Gobet, et al. (2009) showed that above 0.17 M Na+, G’ for iota‐
carrageenan became independent of Na+ addition. Thus, in the current study using 0.15
and 0.2 M Na+, changes in G’ are not large enough to be significant.
The increase of rheological Tg with sucrose could be due to the water affinity; as sucrose
hydrogen bonds with water molecules, the amount of free water available is decreased.
However, it is unlikely that sucrose by itself would promote the formation of additional
junction zones, as cations are needed to bridge the negatively charged sulfate groups.
The small increases in the viscous component of iota‐carrageenan with increasing
sucrose concentration may also be due to sucrose’s affinity for water, as sucrose by
itself is also known to increase the viscosity of solutions (Chirife & Buera, 1997).
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Figure 20. Effect of Na+ and sucrose on rheological Tg of sodium iota‐carrageenan
solutions/gels.
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Figure 21. Effect of NaCl and sucrose on G’’ of sodium iota‐carrageenan solutions.
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Figure 22. Effect of NaCl and sucrose on G’ of sodium iota‐carrageenan gels.

3.4.3 DSC thermal properties
DSC results were evaluated using the GLM procedure in SAS. Mean values for the
different solute concentrations are shown in Table 8 for onset temperature, peak
temperature, and enthalpy of the peaks. Onset temperatures are the temperature at
which the enthalpic peak began, peak temperatures are the center temperature of the
enthalpic peak, and enthalpy values are calculated by finding the area under the curve
of the enthalpic peak. Peaks were most evident in the 1.5% iota‐carrageenans gels, as
these were stronger so heat flow could be more accurately measured from them.
Overall, increases in any of the solutes, carrageenan, salt, or sugar, increased the onset
and peak temperatures as well as enthalpies. For Na+ and iota‐carrageenan, this is likely
due to the increased gel strength and electrostatic interactions between the sulfate
groups and cations. In the case of sucrose, the increases in onset/peak temperatures
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and enthalpies are due to increased competition for water. As sucrose binds water
molecules in solution, the effective concentration of all other solutes increases. This
would lead to higher values for DSC peaks. Larger DSC peak values in the presence of
sucrose have also been seen for tapioca starch and xyloglucan gels (Pongsawatmanit,
Temsiripong, & Suwonsichon, 2007). The increase in onset/peak temperatures and
enthalpy as a function of increasing sucrose concentration is depicted in Figure 23,
which shows the DSC curves obtained from 1.5% iota‐carrageenan and 0.2 M NaCl
samples.
Table 8. Averaged DSC results for sodium iota‐carrageenan gels with added NaCl and
sucrose.
Mean Onset
Mean Peak
Mean
Variable
Concentration
Temperature °C Temperature °C Enthalpy J/g
0.5%
52.0 (5.0)a
57.6 (5.7)g
0.10 (0.05)m
Iota‐carrageenan
1%
50.5 (5.8)a
59.2 (5.0)g,h
0.21 (0.07)n
1.5%
55.4 (6.8)b
61.3 (6.0)h
0.37 (0.13)o
0.15 M
49.6 (4.5)c
57.0 (5.4)i
0.20 (0.10)p
NaCl
0.2 M
55.6 (6.2)d
61.7 (5.0)j
0.25 (0.17)q
0.1 M
49.2 (4.1)e
55.5 (3.4)k
0.17 (0.12)r
Sucrose
0.5 M
50.4 (3.8)e
57.0 (4.0)k,l
0.25 (0.13)s
1M
58.3 (5.9)f
65.6 (3.2)l
0.24 (0.17)s
Different letter superscript are significantly different from each other, according to the
SAS GLM procedure (p<0.05)
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Figure 23. DSC curves of 1.5% sodium iota‐carrageenan gels and 0.2 M NaCl with (A) 0.1
M sucrose, (B) 0.5 M sucrose, (C) 1.0 M sucrose.
3.5 Conclusions
Sucrose strengthened the interactions of iota‐carrageenan chains at the concentrations
used in this study. X‐ray diffraction patterns indicate that the addition of sucrose also
influences iota‐carrageenan’s solid‐state associations by expanding the size of the basal
net. Rheology and DSC furthermore confirm that sucrose also affects the gel
functionality of iota‐carrageenan. The main cause for the effects of sucrose on solution
and gel properties is the affinity of sucrose for water.
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CHAPTER 4 EFFECT OF REBIANA AND SODIUM CHLORIDE ON IOTA‐CARRAGEENAN
STRUCTURE AND FUNCTIONALITY

4.1 Abstract
Rebiana, Cargill’s name brand for rebaudioside A, is a natural non‐nutritive sweetener
derived from the stevia plant. Consumers are demanding more natural products, and
with the limited availability of natural non‐caloric sweeteners, Rebiana has potential to
fill a niche in the current market. However, knowledge of Rebiana’s interactions with
food ingredients is limited. This study presents details about the interactions of Rebiana
(0, 10, 30, 50 mg/mL) and NaCl (0, 2, 4 mg/mL) with sodium iota‐carrageenan (1% w/w).
X‐ray diffraction patterns of samples with Rebiana and added NaCl had larger unit cell
dimensions (values of cell edge a doubled and layer line spacing c tripled) compared to
patterns lacking Rebiana. Rheological data showed Rebiana caused increases in Tg but
not G’. Differential scanning calorimetry (DSC) revealed no clear correlations between
enthalpic peak values and Rebiana concentration. Overall, the addition of Rebiana to
sodium iota‐carrageenan in the presence of NaCl appears affects iota‐carrageenan’s
packing arrangement and rheological Tg but has little effect on thermal characteristics
observed through DSC.
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4.2 Introduction
The leaves of plants from the Stevia species are a source for a number of non‐caloric,
natural sweeteners including dulcoside, rebaudiosides A‐E, steviolbioside, and stevioside
(Kinghorn, et al., 1984). For the United States, sales of stevia products totaled close to
$100 million in 2009, and the global market neared $500 million (Mintel, 2009). Studies
have shown that the sweet components in stevia extracts have potential for managing
diabetes, reducing dental carries and overall caloric intake (Goyal, Samsher, & Goyal,
2010). Stevia derivatives are marketed under a variety of brand names, including the
retail sugar replacers Truvia (Cargill and Coca‐Cola) and PureVia (PepsiCo and Pure
Circle). Truvia contains erythritol with a very small amount of Rebiana, Cargill’s brand
name for rebaudioside A. Its chemical structure is shown in Figure 24 (Prakash, DuBois,
Cios, Wilkens, & Fosdick, 2008; Steinmetz & Lin, 2009). An ent‐kaurene, which is a
tetracyclic diterpene, is substituted at carbon 13 by the O1 of a β‐D‐glucopyranosyl,
which has additional β‐D‐glucopyranosyls units at O2 and O3; the substituted ent‐
kaurene is then esterified to the O1 of another β‐D‐glucopyranosyl unit (Prakash, et al.,
2008).
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Figure 24. Chemical structure of rebaudioside A.
A variety of research has been conducted on the structural and functional behavior of
stevia derivatives. Rebaudioside A has been shown to degrade in acidic conditions
during long storage (Chang & Cook, 1983; Kroyer, 2010). Studies have also been
conducted on the functionality of rebaudioside in low calorie chocolates, yogurts, and
pectin gels (Guggisberg, Piccinali, & Schreier, 2011; Haghighi, Rezaei, Labbafi, &
Khodaiyan, 2011; Palazzo, Carvalho, Efraim, & Bolini, 2011). However, little research has
been conducted on the basic interactions of rebaudioside with other food ingredients.
This study used X‐ray diffraction, rheology, and differential scanning calorimetry (DSC)
to analyze the effect of Rebiana in conjunction with sodium chloride on the structure
and functionality of iota‐carrageenan.
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4.3 Materials and methods
4.3.1 Solutions
Iota‐carrageenan was provided by FMC and Rebiana by Cargill. Sodium chloride was
laboratory‐grade. Iota‐carrageenan at 1% w/w in distilled, deionized water was heated
and stirred until dissolved. Rebiana was added to reach concentrations of 0, 10, 30, and
50 mg/mL, and NaCl was added to reach 0, 2, and 4 mg/mL. All solutions were heated
and stirred until homogeneous. Solutions were stored at approximately 4°C.
4.3.2 Fiber preparation and X‐ray diffraction
Fibers were prepared by allowing approximately 20 μL of solution to dry for roughly 2
hours while suspended between two glass rods in a fiber puller. Relative humidity was
maintained at 66%. Fibers were then pulled at regular intervals until their length was
about 2‐3 mm, about 2 times the original length. X‐ray diffraction patterns were
collected at Argonne National Laboratory in Chicago, IL. The X‐ray beam wavelength
was 0.979 Å, exposure lasted for 5 seconds, and calcite powder (d spacing = 3.035Å) was
used for internal calibration. FibreFix 1.3.1 software was used to determine detector‐to‐
specimen distance, pattern center, and reflection coordinates (Rajkumar, et al., 2007).
In‐house programs were used to estimate ρ values from the reflection coordinates as
well as to assign Miller indices and calculate the unit cell dimensions. A trigonal system
was identified, with a = b ≠ c, γ = 120°, ξ = a*(h2+hk+k2)1/2, ρ2 = ξ 2 + ζ 2, and ζ = lc* (ξ :
cylindrical radius, ζ : vertical component, a* and c*: dimensions of the reciprocal unit
cell).
4.3.3 Rheology
An ARG2 Rheometer from TA Instruments (New Castle, DE) equipped with a 40 mm
steel 2° cone with a solvent trap was used for rheological experiments. Measurements
were conducted in duplicate at 1Hz and 2% strain (within the linear viscoelastic region)
at a heating rate of 2°C/min in the temperature range of 15 to 60°C, or until the gel‐to‐
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solution transition temperature was reached. Data on the storage (G’) and loss (G’’)
moduli were determined in duplicate at 25°C. Rheological gel‐to‐solution transition
temperature (Tg) was defined as the temperature at which G’=G”. Results were
compiled and average values are reported.
4.3.4 Thermal analysis
A Q2000 differential scanning calorimeter from TA Instruments (New Castle, DE) was
used for thermal analysis. Samples from 4.3.1 were loaded into aluminum pans (TA
Instruments, New Castle, DE) in approximately 25 mg aliquots and then hermetically
sealed using a Tzero press (TA Instruments, New Castle, DE). Samples were analyzed by
heating at a rate of 10°C/min from ‐20 to 95°C, cooling at a rate of 15°C/min to ‐20°C,
and then heating again at a rate of 10°C/min to 95°C. Two samples of each
concentration were tested. TA Universal Analysis software (TA Instruments, New Castle,
DE) was used to obtain onset temperatures, peak temperatures, and enthalpy values for
observed enthalpic peaks in the first heating cycle, and results were analyzed using SAS
Version 9.2 from the SAS Institute, Inc (Cary, NC).
4.4 Results and discussion
4.4.1 X‐ray diffraction
Unit cell dimensions are shown in Table 9. Dimensions for samples 1, 5, and 7 (without
Rebiana) are consistent with trigonal dimensions reported in Chapter 2 and the
literature (Janaswamy & Chandrasekaran, 2001, 2006). For samples 3, 6, 8, 9, and 10
(containing both Rebiana and NaCl), unit cell dimensions are considerably larger,
increasing from approximately 23‐25 Å to 50‐60 Å basal net and from 13 Å to 39 Å in c
spacing. However, samples 2 and 4 displayed no increase in unit cell dimensions even
though they had Rebiana present. Because these two samples had no added NaCl, the
iota‐carrageenan chains were not stable enough to allow for interaction with the
Rebiana molecules, resulting in no change in unit cell dimensions. Without the extra
cations, the association of the doubles helices would be weak. In the case of the sample
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3, the double helices’ network appears to have been strong enough to allow Rebiana to
participate in the association of the helices despite the lack of extra cations, resulting in
a few Bragg reflections of low intensity indicating the same increase in unit cell
dimensions as seen in samples 6, 8, 9, and 10.
Table 9. Unit cell dimensions for 1% sodium iota‐carrageenan with added NaCl and
Rebiana.
Sample NaCl (mg/mL) Rebiana (mg/mL)
a (Å)
c (Å)
1
0
0
25.6 (2)
13.2 (1)
2
0
10
23.3 (3)
13.0 (2)
3
0
30
54.8 (2)
39.3 (2)
4
0
50
25.6 (6)*
12.4 (7)*
5
2
0
23.8 (2)
13.1 (1)
6
2
10
58.8 (3)
39.5 (2)
7
4
0
24.5 (1)
13.1 (1)
8
4
10
51.9 (4)
39.3 (3)
9
4
30
64.9 (2)
38.8 (2)
10
4
50
54.5 (6)
39.6 (8)
Standard deviations are given in parentheses
*This pattern contained few Bragg peaks overlaid with diffuse arcs
Generally, samples with Rebiana had poorer resolution than samples without Rebiana
(Fig. 25). This is similar to the effect of adding sucrose to iota‐carrageenan/NaCl
samples, as seen in Chapter 3. Overall, in the presence of NaCl, Rebiana increased the
basal net dimensions to almost double and layer line spacing c to triple the dimensions
seen in samples not containing Rebiana. The larger value for the cell edge a in the
presence of 10 mg/mL Rebiana can been seen in linear traces of the equator for
patterns of 1% iota‐carrageenan with 4 mg/mL NaCl (Fig. 26). These traces show the
intensities of the reflections, and new peaks are clearly observed for the sample 8
compared to sample 7. Figure 27 shows the extra layer lines, indicating the larger c
value. As mentioned in Chapter 3, sucrose, a much smaller molecule than Rebiana,
increased the unit cell dimensions of iota‐carrageenan only marginally (about 3‐5 Å).
Rebiana, however, appears to have a greater effect on the unit cell dimensions of iota‐
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carrageenan. With sucrose, the basal net dimensions increased by just enough to allow
sucrose molecules to reside among the double helices. However, the doubled value for
cell edge a in the presence of Rebiana and salt indicates that more iota‐carrageenan
double helices are likely present in the unit cell. With a basal net of a = 24 Å, three
double helices are present in the trigonal unit cell (Janaswamy & Chandrasekaran, 2001).
A cell edge of 50 Å or more could then have room for 12 double helices. However, some
of this space must be occupied by the Rebiana molecules that are driving the formation
of the larger unit cells. Though the reasons for the increased c values are unclear, the
hydrogen bonding between Rebiana and the iota‐carrageenan backbone could be a
driving factor for the helices to adopt a new molecular conformation. Furthermore,
Rebiana could also be crystallizing around and among the iota‐carrageenan double
helices. Considering the large size of the Rebiana molecule, any crystallites formed by
would result in the larger c value. At 39 Å, the c spacing would then contain 1.5 helical
pitches of the iota‐carrageenan chains.
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Figure 25. X‐ray diffraction patterns of 1% sodium iota‐carrageenan with added NaCl
and/or Rebiana.
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Figure 26. Intensity distribution on the equator 1% sodium form iota‐carrageenan with
4 mg/mL NaCl and: (top) sample 7, no added Rebiana; (bottom) sample 8, 10 mg/mL
Rebiana. Arrows indicate new reflections seen upon Rebiana addition.

Figure 27. Comparison of X‐ray diffraction patterns of 1% sodium iota‐carrageenan with
4 mg/mL NaCl and: (left) 10 mg/mL Rebiana; (right) no added Rebiana.
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4.4.2 Rheology
An example of a temperature sweep from sample 8 is shown in Figure 28. Average
values of the storage modulus (G’) at 25°C and the rheological gel‐to‐solution transition
temperature (Tg) are shown in Figures 29 and 30, respectively, for all iota‐carrageenan,
NaCl, and Rebiana combinations used in this study. Generally, addition of NaCl
strengthened the iota‐carrageenan gels; e.g., G’ values increasing from 80‐90 Pa for no
salt to 97‐130 Pa for added salt. However, there are no overall significant differences in
gel strengths between gels containing 2 and 4 mg/mL NaCl. This may be because at
higher levels of salt, G’ becomes independent of Na+ concentration, as described in
Chapter 2 and elsewhere in the literature (Gobet, et al., 2009). However, G’ values
show no correlations with Rebiana concentration, suggesting that its addition has little
effect on the strength of iota‐carrageenan gels.
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Figure 28. Temperature sweep for 1% sodium iota‐carrageenan gel with 4mg/mL added
NaCl and 10mg/mL Rebiana.
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Figure 29. Effect of NaCl and Rebiana on G’ of 1% sodium iota‐carrageenan gel.
Generally, addition of either solute, NaCl or Rebiana, increased the rheological Tg of
iota‐carrageenan gels (Fig. 30), but not the loss moduli. The increase in G’ and Tg with
NaCl is as expected because the cations strengthen the association of the double helices
by reducing Coulombic repulsion (Gobet, et al., 2009). Tg values are 3‐4°C higher for 50
mg/mL Rebiana than for samples without Rebiana. Diffraction data from section 4.4.1
show that Rebiana interacts with the iota‐carrageenan fibers, and the increase in Tg
implies that interaction is maintained in the gel state as well.
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Figure 30. Effect of NaCl and Rebiana on rheological Tg of 1% sodium iota‐carrageenan
gel.
4.4.3 DSC thermal properties
Table 10 shows the onset/peak temperatures and enthalpies for the iota‐carrageenan
gels with and without NaCl and Rebiana. Overall, peaks are generally small and broad
(Fig. 31). The only trend for NaCl was observed in onset temperature, where samples
without added salt had significantly higher values than samples with salt (Fig. 32).
Potassium ions have also been shown lower the onset temperature for iota‐carrageenan
melting curves; this is mainly a result of the broadening of the peak, as the values for
enthalpy and peak temperature usually still increase with addition of cations (Hossain,
et al., 2001).
According to statistical analysis, Rebiana caused no trends in onset temperatures, peak
temperatures, or enthalpies (Table 10). Overall, Rebiana has much less of an effect on
thermal characteristics of iota‐carrageenan solutions than sucrose, as shown in Chapter
3. However, peaks evident in this study were small and broad, indicating that the gels
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were weak. Higher concentrations of iota‐carrageenan could result in larger melting
curves, and then the effects of Rebiana on the DSC values could be studied with greater
confidence.

Figure 31. DSC profile of 1% sodium iota‐carrageenan gel with 4 mg/mL added NaCl and
30 mg/mL Rebiana.
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Table 10. DSC analysis of 1% sodium iota‐carrageenan gels with NaCl and Rebiana.
NaCl (mg/mL)
0

Rebiana (mg/mL)
Onset (°C)
Peak (°C)
Enthalpy (mJ/g)
a,b,1
a,1
0
54.4 (3.9)
57.7 (6.4)
0.7 (0.4)a,1
10
53.0 (*)a,1
53.1 (*)a,1
229.4 (*)b,1
b,1
a,1
30
60.0 (0.4)
62.5 (0.5)
3.6 (1.7)a,1
50
61.0 (*)a,b,1
63.5 (*)a,1
1.9 (*)a,1
2
0
52.7 (*)a,b,2
61.3 (*)a,1
11.6 (*)a,1
10
51.0 (0.7)a,2
57.0 (1.6)a,1 36.9 (9.2) b,1
30
53.0 (0)b,2
55.4 (0.2)a,1 7.1 (9.4) a,1
50
51.6 (1.1)a,b,2
56.0 (0.2)a,1 20.5 (8.6) a,1
4
0
51.7 (*)a,b,2
60.9 (*)a,1
29.4 (*)a,1
10
50.8 (2.5)a,2
61.4 (0.4)a,1 24.2 (19.5) b,1
30
51.8 (0.2)b,2
55.2 (0.4)a,1 51.5 (25.5) a,1
a,b,2
50
53.4 (0.7)
58.7 (5.4)a,1 38.2 (6.2) a,1
Standard deviations in parentheses
Values in the same column with same letter superscripts are not significantly different
based on Rebiana concentration
Values in the same column with same numeric superscripts are not significantly different
based on NaCl concentration
*Duplicate values unavailable due to small, broad peaks
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Figure 32. Effect of NaCl and Rebiana on 1% sodium iota‐carrageenan gel onset
temperature.
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4.5 Conclusions
Addition of Rebiana in the presence of NaCl alters the solid‐state properties and
rheological Tg of iota‐carrageenan gels. From X‐ray diffraction patterns, it is clear that
Rebiana causes a substantial increase in the unit cell dimensions, doubling the cell edge
a values and tripling the layer line spacing c, suggesting participation in the association
of carrageenan double helices. However, this involvement is not reflected in the
viscoelastic properties. The gel storage modulus is independent of Rebiana addition
but rheological gel‐to‐solution transition temperature is increased. Moreover, Rebiana
has no consistent influence on thermal characteristics seen by DSC. Overall, though
sucrose affects the functional behavior of iota‐carrageenan by competing for available
water (as discussed in Chapter 3), Rebiana seems to have only marginal effects.
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CHAPTER 5 RECOMMENDATIONS FOR FUTURE WORK

5.1 Determining the driving factors for crystalline arrangement
As shown throughout this work, a variety of three‐dimensional packing arrangements
are adopted by iota‐carrageenan. However, predictability of which structure will be
adopted is still low. Thus, research should be devoted to determining what factors may
be involved in the formation of the different structural forms. Some approaches to
address this issue are discussed below.
5.1.1 Effect of temperature on crystalline and oriented fiber formation
One factor affecting the structure of iota‐carrageenan fibers could be the temperature
at which the fibers are prepared. In order to investigate this, solutions of iota‐
carrageenan could be heated to Tg, 5°C above Tg, 10°C above Tg, etc, before depositing
the droplet onto the glass rods in the fiber puller. By heating the samples, any
arrangements present in the junction zones would be broken. Heating to higher
temperatures may promote better dissociation of the helices. Diffraction patterns could
then be collected to see if the temperature to which the samples were heated had any
effect on the structural arrangement assumed. Furthermore, the fibers could be stored
at different temperatures while the droplets dried. This may promote the formation of
crystalline arrangements that may not be as energetically favored at room temperature.
5.1.2 Additional humidity analysis
In Chapter 2, no relationship was seen between relative humidity and the crystalline
fiber arrangement. However, a wide variety of iota‐carrageenan and salt concentrations
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were used, as this was the main focus of the experiment. As a result, only one sample
of each concentration was analyzed at each level of humidity. In order to ensure that
humidity is not a driving factor for structural arrangement of helices, many samples of
the same iota‐carrageenan and salt concentration should be prepared at a variety of
relative humidities. It is possible that a distribution of the different arrangements at
each humidity level could be observed with this method. The data could then be
analyzed to see if humidity may promote one crystalline fiber structure over another.
5.2 Extending the sweetener/iota‐carrageenan studies
Both sucrose and Rebiana were shown to cause changes in the structural ordering of
iota‐carrageenan as observed through X‐ray diffraction. Molecular modeling based on
sucrose/iota‐ and Rebiana/iota‐carrageenan patterns should be conducted in order to
identify exactly how these molecules are interacting with the iota‐carrageenan helices
and water. Similarly, diffraction analysis could be conducted with other non‐nutritive
sweeteners, as sweeteners have very diverse structures. Both carbohydrate and protein
based sweeteners could be investigated.
5.3 Connecting structural observations to functional data
Even after the data presented in this work, the exact relationship of the three‐
dimensional packing of iota‐carrageenan to functional behavior remains unclear. As
mentioned in Chapter 2, the gel‐to‐solution transition has been proposed as the double
helix‐to‐coil transition of iota‐carrageenan (Kara, et al., 2005, 2007; Pekcan, et al., 2007).
As X‐ray diffraction data describes the behavior of multiple double helices aggregating
into network, research should be developed to analyze the dimer to helix transition of
iota‐carrageenan in comparison with structural assembly information from X‐ray
diffraction data. Photon transmission and DSC methods have shown success in prior
studies in analyzing this transition (Grinberg, et al., 2001; Kara, et al., 2005, 2007;
Pekcan, et al., 2007). Furthermore, the dimer‐to‐dimer transition could also be
compared with structural data. This transition could potentially be correlated to the
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assembly larger basal nets, as observed in group 7 described in Chapter 2, which has
approximately double the basal net (48 Å) of a more commonly observed arrangement
of three iota‐carrageenan helices in a trigonal cell of 24 Å basal net (Janaswamy &
Chandrasekaran, 2001). Using observations of dimer‐to‐dimer and dimer‐to‐helix
transitions paired with X‐ray diffraction analysis, a better understanding of the effect of
three‐dimensional arrangement on functional behavior of iota‐carrageenan helical‐
dimer interaction and disassociation could be developed.
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Abstract
This communication reports gelation, for the first time, in lambda‐carrageenan in the
presence of trivalent iron ions. Kappa‐, iota‐ and lambda‐carrageenans are sulfated
polysaccharides used extensively in food, pharmaceutical and medical applications.
Kappa‐ and iota‐carrageenans show gelation in the presence of mono‐ and di‐valent
ions, but lambda‐carrageenan yields only viscous solutions. Our results show that
gelation in lambda‐carrageenan indeed is possible, but with trivalent ions. X‐ray fiber
diffraction patterns of iron (III)‐lambda‐carrageenan are characteristic of highly oriented
and polycrystalline fibers containing well resolved Bragg reflections. The storage
modulus (G') of the product is far greater than the loss modulus (G") indicating the
thermal stability of lambda‐carrageenan in the presence of iron (III) ions. This novel
finding has potential to expand lambda‐carrageenan’s current utility beyond a
viscosifying agent.
Keywords: Gelation, Lambda‐Carrageenan, Trivalent Cations, X‐ray Diffraction, Sulfated
Polysaccharide
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1. Introduction
Carrageenans are sulfated polysaccharides composed of alternating 3‐linked b‐D‐
galactopyranosyl and 4‐linked a‐D‐galactopyranosyl residues. They constitute the major
structural cell wall components of certain species of red seaweeds. Various hydroxyl
groups in carrageenans’ polymeric chains are commonly substituted with sulfate ester
groups. These biopolymers have long been used in food and pharmaceutical applications
as thickeners, viscosifiers, gelling agents and stabilizers (Stanley, 1990). Carrageenans’
ability to substitute for fat and interact with other hydrocolloids and proteins increases
their utility in a variety of food applications. For example, carrageenans are often used
in yogurt, salad dressings and infant formulas, to name a few, to thicken and improve
the texture. They display positive effects on human health as well, especially toward
reducing blood cholesterol and triglyceride levels (Panlasigui, Baello, Dimatangal, &
Dumelod, 2003). Carrageenans are also being explored as possible topical microbicides
against human immunodeficiency virus (HIV) (Coggins, et al., 2000) and human
papillomavirus (HPV) (Roberts, et al., 2007) infections. Anticoagulant (Farias, Valente,
Pereira, & Mourao, 2000), antiherpetic (Carlucci, Ciancia, Matulewicz, Cerezo, &
Damonte, 1999), and antitumor (Zhou, et al., 2004) activities of carrageenans further aid
in the development of potential medicinal drugs.
One of the major commercial uses of carrageenans stems from their intrinsic
cation‐dependent aqueous gelation. The disaccharide repeat units of three common types
of carrageenans– kappa‐, iota‐, and lambda‐carrageenan– are shown in Figure A1. Kappa‐
and iota‐carrageenan exhibit gelation in the presence of mono‐ and di‐valent cations,
respectively. In contrast, lambda‐carrageenan does not gel with either mono‐ or di‐
valent cations and displays only viscous behavior. Although excess amounts of cations
can promote association among the hydrocolloid chains, gelation in lambda‐
carrageenan has not so far been achieved. It has been reasoned that kappa‐ and iota‐
carrageenans each form ordered three‐dimensional networks comprising double helices
resulting from “crosslinking” of the adjacent chains in which the sulfate groups are
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oriented externally. On the other hand, sulfate groups at the 2‐postion in lambda‐
carrageenan face inward, precluding crosslinking and ordered network (Campo, Kawano,
da Silva, & Carvalho, 2009).
A close examination of disaccharide repeat units reveals that kappa‐ and iota‐
carrageenans have very similar chemical structures, varying only in the presence (iota)
or absence (kappa) of a sulfate group at the 2 position of the 4‐linked galactopyranosyl
unit. Both kappa‐and iota‐carrageenans have a 1C4 conformation due to the 3,6‐anhydro
bridge. Lambda‐carrageenan does not contain a 3,6‐anhydro‐bridge, and consequently
its D‐galactopyranosyl unit assumes a 4C1 conformation. The sulfate group on the 3‐
linked galactopyranosyl unit is at the 2 position in lambda‐carrageenan compared to the
4 position in kappa‐ and iota‐carrageenans. Overall, lambda‐carrageenan has three
negatively charged sulfate groups per every disaccharide repeating unit, whereas kappa‐
and iota‐carrageenans have only one and two of them, respectively (Fig. A1).

Figure A1. Disaccharide repeat units of kappa‐, iota‐ and lambda‐carrageenans.
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In general, kappa‐carrageenan, with one negatively charged sulfate group, shows
selectivity for monovalent potassium ions, and iota‐carrageenan, with two sulfate
groups, prefers divalent calcium ions. Thus, we endeavored to test if lambda‐
carrageenan, with three sulfate groups, would favor trivalent cations. Our results reveal
that iron (III) ions indeed promote favorable interactions between lambda‐carrageenan
chains leading to junction zone formation and gelation.
2. Experimental Section
2.1 Materials
The sodium salt of lambda‐carrageenan, obtained from tetrasporophytic specimens of
Gigartina lanceata collected from Aramoana, Dunedin, New Zealand (WELT A21034),
was kindly supplied by Industrial Research Ltd, Lower Hutt, New Zealand. Details of the
extraction, purification, and chemical and spectroscopic characterization were reported
earlier by Falshaw and Furneaux (Falshaw, & Furneaux, 1998).
An aqueous solution of the sodium salt of lambda‐carrageenan (1% w/w) was prepared
in distilled deionized water and heated in a boiling water bath for 45 minutes with
periodic vortexing until all the polysaccharide was dissolved and the solution was
homogeneous. Its iron (III) salt form was obtained by adding aqueous FeCl3∙6H2O
solution (0.4% w/w) to the carrageenan solution. Instantaneously, a yellow‐orange
colored, fibrous and gel‐like substance precipitated (Fig. A2). The coagulum was
separated from the solution for further characterization.
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Figure A2. Sodium salt of lambda‐carrageenan (1% w/w) solution (A), and iron (III) salt of
lambda‐carrageenan gel (B).
2.2 Fiber Preparation and Intensity Data
To make fibers suitable for X‐ray diffraction, approximately 20 μL of iron (III)‐lambda‐
carrageenan precipitate was placed in between two glass rods in a fiber puller at 66%
relative humidity. After allowing the sample to dry for approximately two hours, the
fiber was stretched in regular intervals to 2 times the original length for a final length of
approximately 2‐3 mm.
Synchrotron X‐ray diffraction data were obtained at Argonne National Laboratory (ANL),
Chicago, IL. The wavelength of the X‐ray beam was set to 0.979 Å and the exposure
lasted for 5 seconds. Calcite powder (3.035 Å characteristic spacing) was used for
internal calibration. FibreFix (Rajkumar, Al‐Khayat, Eakins, Knupp, & Squire, 2007)
version 1.3.1 from CCP13 was used to estimate the pattern center, detector to fiber
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distance, tilt, and rotation. Reflection positions in each quadrant were measured and
corresponding r (the distance between the origin and reflection point in the reciprocal
space) was estimated. The relationship between r, and the cylindrical radius (ξ) and
vertical component (ζ) is given by: r2 = ξ 2 + ζ 2, where ξ = a*(h2+hk+k2)1/2 for a trigonal
system (a = b ≠ c, γ = 120°) and ζ = lc*. The dimensions of the reciprocal unit cell, a* and
c*, as well as the Miller indices (h, k, l) for each reflection were estimated and the unit
cell parameters calculated using in‐house programs.
2.3 Rheology
Viscoelastic behavior of the solutions (1% w/w) of the sodium and iron (III) salts of
lambda‐carrageenan were analyzed with an ARG2 Rheometer from TA Instruments,
New Castle (DE). The instrument was equipped with a cone and plate geometry (40 mm
steel 2° cone) along with a solvent trap to minimize water evaporation from the sample.
Changes in the storage modulus G' and loss modulus G" were measured at 2% strain
(within the linear viscoelastic range) as a function of (i) temperature from 1 to 70 °C
with a heating rate of 2 °C/min at 1 Hz , and (ii) frequency in the range 0.1 to 100 Hz at
25 °C. The measurements were done in duplicate and average values are reported.
3. Results and Discussion
3.1 X‐ray Diffraction Patterns
Attempts to prepare good quality fibers from the starting lambda‐carrageenan (Na+
form) material were unsuccessful as their diffraction patterns mostly contained either
concentric rings or diffused arcs (results not shown). On the other hand, the precipitate
of iron (III) salt of lambda‐carrageenan (Fe‐lambda hereafter) yielded good fibers, and
Figure A3 illustrates one of the best diffraction patterns obtained to date from lambda‐
carrageenan. It shows that the specimen is well oriented and polycrystalline. The first
meridional reflection is on the 6th layer line and there are 19 Bragg reflections extending
out to 3.7 Å resolution. These are sharp arcs whose length increases toward the edge of
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the pattern. This observation indicates that larger crystallites are formed within the
fiber, but their alignment along the fiber axis is rather short.

Figure A3. X‐ray diffraction pattern from well oriented and polycrystalline fiber of iron
(III) salt of lambda‐carrageenan.
3.2 Unit Cell Dimensions
Reflections with lowest ξ value are seen on the first through fourth layer lines and their
average, 0.059 Å‐1, has been used as the smallest reciprocal vector (ξs) for further
calculations. Reflections with similar ξ values across the layer lines are grouped together
and subsequent analysis revealed that these higher order ξ values are in multiples of √3,
√4, √7, √9, √12, √13, and √16 of ξs. Assigning indices (1, 0) as (h, k) for the smallest
reciprocal vector ξs, the indices for higher order reflections are (1, 1), (2, 0), (2, 1), (3, 0),
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(2, 2), (3, 1) and (4, 0), suggesting a trigonal lattice arrangement. Final analysis yielded
unit cell dimensions as a = b = 19.30(1) Å, c = 25.08(4) Å, γ = 120° (Table 1 in the
Supporting Information lists the observed and calculated ρ values, and Miller indices of
the individual reflections).
The cell constants of Fe‐lambda are similar to those of iota‐ and kappa‐carrageenans.
Iota‐carrageenan adopts a trigonal cell with dimensions a = b = 24.02 and c = 12.96 Å in
the sodium form (Janaswamy, & Chandrasekaran, 2001), and a = b = 23.61 and c = 13.21
Å in the calcium form (Janaswamy, & Chandrasekaran, 2002). Similarly, sodium salt of
kappa‐carrageenan also prefers a trigonal unit cell of a = b = 26.7 and c = 25.2 Å (our
unpublished results). Tertiary structure analysis reveals that iota‐carrageenan prefers a
half‐staggered, parallel, three‐fold double helix of pitch 2c (~ 26 Å). Though the precise
structural details of kappa‐carrageenan are still not available, molecular modeling
suggests a three‐fold double helix of pitch c (~ 25 Å) consisting of a non‐half‐staggered
parallel or anti‐parallel arrangement as a possible structure (Millane, Chandrasekaran, &
Arnott, 1988). The present observation of 25.08 Å as a fiber repeat for Fe‐lambda clearly
points out that a helix pitch of around 25 Å is more or less maintained in the
carrageenan family. However, depending on the system as well as the nature and type
of cation (mono‐, di‐ or tri‐valent) used for balancing charge on the polysaccharide chain,
the preferred molecular arrangement could be half‐staggered double helix, non‐half‐
staggered double helix or an anti‐parallel double helix.
Although single helical structures, in the solid state, are not evidenced for iota‐ and
kappa‐carrageenans such an arrangement cannot be ruled out in the case of lambda‐
carrageenan. More than five decades ago, a 3‐fold single helix was proposed for
lambda‐carrageenan from a sparsely oriented and non‐crystalline diffraction pattern
(Bayley, 1955). Subsequent molecular modeling suggested both left‐ and right‐handed
helices as probable structures and ruled out a double helix due to steric hindrance
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among the pairing lambda‐carrageenan chains (Millane, Nzewi, & Arnott, 1989).
Computer modeling studies also favored the single helical arrangement (Le Questel,
Cros, Mackie, & Perez, 1995). However, no definitive results on the molecular structure
and packing association are yet available, mainly due to lack of good quality intensity
data. Our results are the first to report a well oriented and crystalline diffraction
patterns containing only Bragg reflections. Precise structural details of lambda‐
carrageenan’s tertiary structure and its mode of interactions with neighboring helices,
however, require further analysis.
3.3 Gelation
The variation in elastic (G') and loss (G") moduli as a function of temperature for sodium
lambda‐carrageenan without (control) and with iron (III) salt are shown in Figures A4. In
the control solution, the values of G' and G" at 5 °C are 0.6 and 1.2 Pa, respectively. The
trend of G' less than G" continues throughout the temperature range 1 – 70 °C signifying
the viscous nature of the control sample. This observation is consistent with previously
reported results (van de Velde & Ruiter, 2002). On the other hand, the Fe(III)‐lambda
shows G' and G" values of 1200 and 150 Pa, respectively, at 5 °C, indicating a strong
gelation behavior. Further, this gel is thermally stable as there is no crossover between
G' and G" with a rise in temperature. The increase in G' is more than 3 orders of
magnitude for the Fe(III) salt form compared to the control. The frequency dependence
of G' and G" are shown in Figure A5. Throughout the 0.1 to 100 Hz range, Fe(III)‐ lambda
displayed G' > G" further confirming its gelation behavior. In the control, G' < G" is
observed corroborating the temperature scan results. Interestingly, at higher
frequencies elastic character with G' over G" is noticed. This occurrence can be
attributed to the temporary association of lambda‐carrageenan chains during short
oscillation periods. Overall, trivalent iron ions appear to be more suitable than
monovalent sodium ions for balancing the three negative sulfate charges, per
disaccharide repeat unit, of lambda‐carrageenan and promoting cooperative inter‐chain
interactions.
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Figure A4. Variation in the viscoelastic properties G' (thick line) and G" (dashed line) of
the control sodium salt of lambda‐carrageenan (bottom) and the iron (III) salt of
lambda‐carrageenan (top) as a function of temperature at 1 Hz.

Figure A5. Variation in the viscoelastic properties G' (thick line) and G" (dashed line) of
the control sodium salt of lambda‐carrageenan (bottom) and the iron (III) salt of
lambda‐carrageenan (top) as a function of frequency at 25 °C.
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There are very few studies in the literature about the functional behavior of lambda‐
carrageenan in the presence of trivalent ions. Oxidation states of ions, including
aluminum (III) and iron (III) ions, have been found to affect viscosity (Zabik, & Aldrich,
1967), but with negligible binding activity from yttrium (III) ions (Khotimchenko,
Khozhaenko, Khotimchenko, Kolenchenko, & Kovalev, 2010), and observation of turbid
solutions upon FeCl3 addition (Jones, Cölfen, & Antoneitti, 2000). However, viscoelastic
behaviors have not been reported previously, and to the best of our knowledge this
communication is the first to describe gelation in lambda‐carrageenan.
4. Conclusions
Our results demonstrate that gelation is lambda‐carrageenan is indeed possible, but
with trivalent iron ions. This novel finding certainly has the potential to expand lambda‐
carrageenan’s current utility beyond a viscosifying agent in food, pharmaceutical and
medicinal applications. Importantly, lambda‐carrageenan displayed potent inhibitory
activity against HIV (Nakashima, et al., 1987), however, most of the research involving
carrageenans has been limited to either iota‐ or kappa‐carrageenan (Coggins, et al.,
2000; Roberts, et al., 2007). One possible reason could be the need of a gelling
substance in these biological studies. We strongly foresee that the gelling ability of
lambda‐carrageenan with trivalent cations will revolutionize the utility of carrageenans
in the development of effective as well as inexpensive topical microbicides. In order to
reap the complete potential of lambda‐carrageenan, an in‐depth study about the
influence of different trivalent cations on its solution properties and precise knowledge
about the structure‐function relationships is necessary.
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Table A1. Miller indices, observed and calculated r values of individual reflections in
Fe‐lambda‐carrageenan.
r (Å‐1)
Reflection
h
k
l
Intensity
Observed
Calculated
1
1
1
0
0.1040
0.1040
VS
2
0
3
0
0.1797
0.1797
VS
3
2
2
0
0.2074
0.2074
VS
4
1
0
1
0.0719
0.0717
W
5
1
1
1
0.1112
0.1108
W
6
0
2
1
0.1261
0.1255
W
7
1
2
1
0.1626
0.1624
W
8
1
0
2
0.0999
0.0990
W
9
0
2
2
0.1437
0.1430
W
10
1
2
2
0.1774
0.1767
S
11
1
3
2
0.2297
0.2301
M
12
0
4
2
0.2529
0.2533
W
13
1
0
3
0.1339
0.1341
M
14
0
2
3
0.1690
0.1684
W
15
1
2
3
0.1987
0.1985
W
16
1
3
3
0.2459
0.2457
W
17
1
0
4
0.1710
0.1704
M
18
1
1
5
0.2252
0.2255
S
19
0
3
5
0.2684
0.2692
M
VS: very strong, S: strong, M: medium, and W: Weak
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